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CHAPTER 1: GENERAL INTRODUCTION 
SIGNIFICANCE AND RATIONALE 
The primary surfaces of the arial parts of plants, and the surfaces of reproductive 
organs are covered by an extra cellular layer called the cuticle. The cuticle provides the 
foremost protection to the plant in order to adapt to the terrestrial environment. The cuticle 
composed of a biopolymer (cutin), which is embedded in a coating of cuticular waxes. 
Understanding the biochemical, genetic and physiological mechanisms for the biosynthesis 
of these cuticular waxes is relatively poor. This body of work has established methods for the 
chemical analysis of the cuticular waxes of maize plants. I have used these methods to 
chemically characterize cuticular waxes and intermediates of cuticular wax biosynthesis in 
mutant plants that show aberrant accumulation of these components. In addition, I have 
generated a yeast-based heterologous expression system for testing the biochemical and 
genetic properties of genes that are involved in cuticular wax biosynthesis. These 
accomplishments have set the stage for deciphering the complexity of cuticular wax 
biosynthesis. 
DISSERTATION ORGANIZATION 
This dissertation is organized into eight chapters. Chapter 1 includes a literature 
review that provides a general introduction to the cuticle, cuticular wax constituents and 
biosynthesis of cuticular waxes. 
Chapter 2 is a manuscript in preparation for submission to Phytochemistry. This 
manuscript describes the analytical methods developed for chemical analysis of cuticular 
waxes for the wild type maize inbred B73. Detailed chemical analysis of cuticular waxes of 
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seven different organs of inbred B73 is described here. All the analyses and the interpretation 
of data were done by Ann Perera, and the manuscript was edited by Dr. Basil Nikolau. 
Chapter 3 is a manuscript in preparation for submission to the Proceedings of the 
National Academy of Sciences U.S.A. This manuscript describes the discovery of novel class 
of cuticular wax components i.e., alkenes. Detailed chemical analyses have led to the 
hypothesis of a novel set combinatorial biosynthetic pathway that can account for the 
occurrence of a diverse set of alkenes. All the analyses and the interpretation of data were 
done by Ann Perera, and the manuscript was edited by Dr. Basil Nikolau. 
Chapter 4 is a manuscript that has been accepted for publication in The Plant Journal. 
This manuscript describes the isolation and characterization of the gl8b gene that codes for a 
3-ketoacyl-CoA reductase component of fatty acid elongase. The genetic and molecular 
characterization studies were done by Charles Dr. Dietrich. All the chemical analyses and the 
interpretation were performed by Ann Perera. The manuscript was a joint effort of Drs. 
Charles Dietrich, Patrick S. Schnable, Dr. Basil J. Nikolau and Ann Perera. 
Chapter 5 explains the chemical characterization of cuticular waxes of gl8 paralog 
genes as compared to that of wild type (inbred B73). Chemical analyses of cuticular waxes of 
several organs ofgl8a and gl8b reveal that the two paralogous genes differently affect 
cuticular wax composition of different organs of the maize plant. Kernels homozygous for 
gl8a and gl8b mutants were obtained from Charles Dietrich of the Schnable lab. Chemical 
analyses and interpretation of data were performed by Ann Perera. This is a manuscript in 
preparation for submission to Plant Physiology, which has been edited by Dr. Basil J. 
Nikolau. 
Chapter 6 is manuscript in preparation for the submission to Plant Physiology. This 
manuscript describes the heterologous expression of the maize 3-ketoacyl-CoA reductase 
(KCR) and ketoacyl synthase (KCS) in the yeast S. cereviciea. The cDNAs of gl8a and one 
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of the maize KCS (zmKCS13) were obtained from Charles Dietrich of the Schnable lab. 
Another KCS cDNA (zmKCSl) was obtained from Karsten Frenzel in vector pYES2. Under 
the guidance of Ann Perera, Alexis Hoffman (an undergraduate NSF intern) cloned the gl8a 
cDNA into the yeast expression vector pYX043. All the remaining molecular and chemical 
characterizations were done by Ann Perera. Data interpretations and manuscript preparation 
were performed by Ann Perera. The manuscript was edited by Dr. Basil J. Nikolau. 
Chapter 7 describes the detailed chemical characterization of a collection of glossy 
mutants. This is a manuscript in preparation for the submission to Plant Physiology. The 
glossy mutant collection was obtained from Charles Dietrich of the Schnable lab and the 
statistical analyses were performed by Dr. Julie Dickerson. Chemical characterization and the 
interpretation of the results from the statistical analysis and the manuscript preparation were 
done by Ann Perera and edited by Drs. Julie Dickerson and Basil J. Nikolau. 
Chapter 8 is general summary and conclusions of this work. 
Appendix A contains all relevant raw data tables of the chemical characterization and 
the figures of the several additional alleles oigl8a mutant. Appendix B contains the data 
tables and supporting figures for Chapter 4. Appendix C consists contains the data tables 
used to support the Figures in Chapter 5. Appendix D contains one table of raw data for 
Chapter 6. Appendix E includes raw data tables of the cuticular waxes of seedling, pollen and 
silk of the glossy mutant collection for Chapter 7. 
INTRODUCTION 
The cuticle 
The cuticle covers the outer surfaces of the aerial parts of the plants and serves as an 
envelope separating the plant from the atmosphere. Thus, the cuticle is overlaid on the 
surface of epidermal cells (Figure 1). From a chemical point of view, the cuticle is 
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chemically a heterogeneous structure, with an insoluble cuticular matrix overlaid with 
soluble cuticular waxes (Villena et al., 1999). The matrix is the biopolymer cutin, which is 
inter-esterification of C16 and C18 hydroxylated fatty acids (Walton, 1990). The polymer is 
head-to-tail esterification of co-hydroxy fatty acids in linear from and cross-linkages via the 
secondary hydroxyl groups of the fatty acid chain (Kolattukudy, 1977). Recently, it has been 
shown that polyunsaturated dicarboxylates i.e., octadeca-cis-6, cis-9-diene-l,18-dioate are 
major component of cutin in Arabidopsis cuticular membrane (Bonaventure et al., 2004). 
L ^S 
Figure 1. SEM of Arabidopsis epidermis covered with cuticle. Scale bar, 5 um (adapted from 
Pighin et al., Science 2004) 
The soluble part of the cuticle is composed of organic solvent-soluble lipid, called 
waxes or cuticular waxes. Thus, the cutin rich cuticle is covered with a thin layer of waxes 
called epicuticular waxes (Holloway, 1982) and the waxes embedded in cutin are called 
cuticular waxes (reviewed by Kunst and Samuels, 2003). The cuticular membrane is attached 
to the cell wall of the epidermis via cutan; a non degrable biopolymer of oxygenated 
polymethylene embedded in polysaccharides of epidermal cell wall (Villena et al., 1999). 
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There are several possible appearances of the cuticle, i.e., lamellate, recticulate or amorphous 
(Holloway, 1982). Leaves of Brassica species and Arabidopsis leaves and stems have the 
amorphous type of cuticle (Nawrath, 2002). Leaves of Atriplex semibaccata show the 
lamellar appearance (Kolattukudy, 1980). Finally, cuticular barrier is not only on terrestrial 
plants, but it also occurs in sea grass; covalently attached polymer material has been found 
from Zoestra mariana, a sea grass, and this material is identical to cutin of land plants 
(Kolattukudy, 1980). 
Being the outer most part of the plant, the cuticle serves as the physical protective 
barrier between the plant and its environment. Indeed, it is the permanent biological barrier 
of some organs, where it can control the diffusion of the molecules (Kolattukudy, 1980). As 
a physical barrier, the cuticle protects the plant from desiccation which is further evidenced 
by increased deposition of cuticular waxes in response to drought stress in some 
agriculturally important crops (Bianchi and Figini, 1986; Blum et al., 1991; Clarke et al., 
1993; McWhorter, 1993). In Sorghum bicolor it has been shown that the reduced cuticle 
depositions caused an increase epidermal conductance of water vapor (Jenks et al., 1994). 
Furthermore, it is not the thickness of the cuticle, but its composition maybe found an 
important factor for controlling water loss (Riederer and Schreiber, 2001). The cuticle also 
provides protection from mechanical damage as well as from ultraviolet radiation (Reicosky 
and Hanover, 1978; Barnes et al., 1996). The cuticle also has a role in the retention and 
penetration of agriculturally important molecules (Perkins et al., 2004). For example, it has 
been shown that after altering the maize leaf with peroxygenase inhibitor, (one of the key 
enzymes in cutin biosynthesis) the altered leaf was susceptible to pesticides (Lequeu et al., 
2003). 
As a barrier between the organism and the environment, the cuticle and cuticular 
waxes would be expected to occur on the surfaces of aerial organs exposed to the 
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environment. However, the cuticle has also been found on surfaces of organs that are not 
necessarily exposed to the environment. Cuticle components have been found on 
differentiated epidermal cells of reproductive organs (Mariani and Wolters-Arts, 2000). 
Also, the exine of pollen grains (Bianchi et al., 1990; Piffanelli et al., 1997), and the 
stigmatic papillae (Lolle and Pruitt, 1999) contain cuticle components. Functionally, 
stigmatic papillae are similar to the silks of maize (Kiesselbach, 1999). 
Based on recent biochemical and genetic studies, the cuticle has been identified as 
"more than just a surface thing" (Smith, 1999). Besides serving as a physical and biological 
barrier, cuticle aids in several plant interactions. Cuticle has been shown to possess signal 
molecules for plant-pathogen interactions (Kolattukudy et al., 1995). For example, it triggers 
the first plant defense responses to disease resistance in barley (Schweizer et al., 1996). Also 
the cuticle can act as a biochemical cue to induce appressorium differentiation required by 
fungi to penetrate plant cells (Gilbert and R.A., 1996; DeZwaan et al., 1999; Pruitt et al., 
2000). In maize, the alteration of cutin results in increased susceptibility to fungal pathogen 
infections, indicating the role of the cuticle in pathogen interactions (Lequeu et al., 2003). 
Cuticular waxes 
The organic solvent-soluble portion of the cuticle known as waxes, are mainly 
composed of a complex mixture of aliphatic compounds and few cyclic components. 
Extensive studies have been carried out on the crystalline nature of the epicuticular waxes as 
revealed by electron microscopy (Martin and Juniper, 1970; Rhee et al., 1998). These 
cuticular waxes account for about 20% of the cuticle, and the cutin accounts for the rest 
(Holloway, 1982); although this proportion depends on plant species. 
Cuticular waxes are crystalloid in structure (Barthlott et al., 1998) and hydrophobic in 
nature (Post-Beittenmiller, 1996). A complex blend of hydrocarbons, aldehydes, alcohols, 
esters, and ketones, all derive from very long chain fatty acids (VLCFAs) account for 
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cuticular waxes. Other minor compounds in the cuticle include triterpenes, sterols and 
flavonoids. There is a large diversity of cuticular wax composition from species to species 
(Table 1), among different varieties within the same species, and different organs in the same 
plant. Furthermore, composition can be modified during the development of a plant organ. 
wax constituent 
alkanes 
aldehydes 
primary alcohols 
esters 
ketones 
secondary alcohols 
free fatty acids 
Maize1 
1.4 
20.4 
62.7 
15.5 
trace 
Arabidopsis2 
33 
9 
20 
7 
6 
Barley3 
0.3 
1.7 
83.0 
4.7 
24.8 
10.3 
Leek4 
9.5 
4.2 
65.9 
20.2 
Table 1. Constituents of cuticular waxes of different plant species 
^Bianchi et al., 1982) 
2(Hannoufa et al., 1993) 
3(Giese, 1976) 
4(Rheeetal., 1998) 
Diversity within the same plant species was recorded for a few plant species, such as 
Salix and Populus (Cameron et al., 2002) and Arabidopsis (Rashotte et al., 1997). Even 
though it has not been documented for maize, differences can be found in different inbreds, 
such as those noted between Wf9 and B73 (Dietrich et al., 2005). Organ specific differences 
in cuticular wax composition were found in almost every species studied. For example, in 
Arabidopsis stem (Hannoufa et al., 1993) vs. rosettes (Rashotte et al., 2004) and pollen 
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(Preuss et al., 1993), barley spikes vs. leaf blades (Simpson and Von Wettstein-Knowles, 
1980). In maize, cuticular waxes of several of organs have been studied, including pollen, 
seedlings, mature leaves, husk (Bianchi et al., 1990) and kernel pericarp (Gembeh et al., 
2001). 
This organ-specific diversity in cuticular waxes may be related to the pivotal 
functions of the cuticle. Thus, the chemistry of the cuticular waxes may determine the 
function they serve in nature. Alkanes in Arabidopsis pollen are proposed to act as a 
biosignal for pollen hydration (Fiebig et al., 2000). In plant pathogen interactions, C29 and 
C31 alkanes on the plant surface may act as probes as recognition probes (Perkins et al., 
2004). It has been suggested that, the presence of non esterified free acids causes increased 
water permeability (Schreiber et al., 2001). n-Alkanes and alcoholic triterpenes were found to 
be the most efficient barriers against water loss in some cerrado species (Oliveira et al., 
2003). 
Hence, in terms of the function, the chemistry of the cuticular waxes becomes very 
important. Constituents of cuticular waxes are secondary metabolites of VLCFAs. While the 
majority of VLCFAs are metabolized to cuticular waxes, several other VLCFAs still also 
occur. In mammals, polyunsaturated VLCFAs are found in sphingolipids and phospholipids 
(Dittrich et al., 1998; Leonard et al., 2004). In yeast, VLCFAs are known as an essential 
moiety of sphingolipids (Han et al., 2002), although the exact mechanism of the essentiality 
of these set of molecules is still unknown. In plants, VLCFAs occur in storage lipids of 
some species (e.g., triglycerides of Brassicaceae and wax esters of jojoba), and in 
sphingolipids and cuticular waxes (Lynch, 1993). 
Biosynthesis of very long chain fatty acids (VLCFAs) 
In plants, fatty acids can be biosynthetically classified into two groups according to their 
chain length. Thus, de novo fatty acid biosynthesis that occurs in plastids can generate 
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molecules up to 18-carbon chain lengths. Elongation of these fatty acids to greater chain 
lengths generates VLCFAs. The elongation process occurs in the endoplasmic reticulum 
membranes. 
Because of the soluble nature of the enzyme complexes, fatty acid synthase (FAS) has 
been well characterized (Ohlrogge et al., 1979; Stumpf, 1987). Formation of acetoacetyl-
ACP as a result of condensation of malonyl-ACP with acetyl-CoA, using the enzyme 
ketoacyl synthase III (KASIII) happens as the first step in de novo fatty acid biosynthesis. 
NADPH-dependent reduction occurs on acetoacetyl-ACP as a second step. This reduction is 
catalyzed by 3-ketoacyl-ACP reductase, which results in the formation of 3-hydroxybutryl-
ACP. The third step is dehydration of this hydroxyacyl-ACP intermediate, which is catalyzed 
by 3-hydroxyacyl-ACP dehydrase and produces crotonyl-ACP. The last step is a second 
reduction catalyzed by 2,3-transenoyl-ACP reductase. Result of these four consecutive 
reactions is butryl-ACP which could further elongated via several rounds of FAS. Each of 
these elongation rounds is initiated by a condensation of malonyl-ACP to the growing acyl-
ACP chain up to 16-carbons and this is catalyzed by KASII. The last condensation reaction 
to make 18- carbons is catalyzed by KASI (Figure 2). 
VLCFAs are produced by the elongation of preexisting acids (Anderson and 
Kolattukudy, 1985). Thus, the elongation process is catalyzed by a multi enzyme system 
called, fatty acid elongase, which is independent from the de novo FAS. Although a distinct 
enzyme, elongases function similarly to fatty acid syntheses, in that both enzymes achieve 
their biochemical function by the sequential operation of a cyclical series of four reactions: 
3-keto acyl synthesis, 3-keto acyl reduction, 3-hydroxyacyl dehydration and enoyl reduction. 
Two differences distinguish fatty acid synthases from fatty acid elongases; 1) the use of 
different priming substrates, and 2) the nature of the molecule that carries the intermediates 
of these reactions. Thus, elongases use fatty acyl-CoAs of 14 to 18 carbon-chain lengths as 
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the priming substrates, whereas fatty acid synthases use acetyl-CoA. And, whereas 
elongases carry the intermediate-reactants as CoA-thioesters, fatty acid synthases use the 
pantatheine group of acyl carrier protein. 
Wax 
Biosynthesis 
Glycerolipid 
Biosynthesis 
Culln and Subarin 
Biosynthesis 
Figure 2. A diagram of de novo biosynthetic pathway in the plastid and its relationship to 
the cuticle biosynthesis. 
Fates of the de novo products are indicated and the thickness of the arrow implies the 
major fate of each fatty acid with the cell, (adapted from Kolattukudy, 1996). 
ACP= Acyl Carrier Protein, OTE, STE and PTE =Thioesterase for oleic, stearic and 
palmitic acids. 
Genes encoding several of components of fatty acid elongases have been identified. 
Specifically, characterization of the fael and cer6 mutants of Arabidopsis resulted in the 
isolation of genes encoding the 3-ketoacyl-CoA synthase (KCS) (James et al., 1995; Lassner 
et al., 1996; Millar et al., 1999; Todd et al., 1999; Fiebig et al., 2000) component of the 
elongase. Similarly, molecular characterization of the maize gl8 mutant resulted in the 
identification of the second component of the fatty acid elongase, the 3-ketoacyl-CoA 
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reductase (Xu et al., 1997; Xu et al., 2002). A gene encoding this enzyme has also been 
identified in Arabidopsis by DNA sequence similarity (Xu et al., 1997) and subsequently 
shown to complement a yeast mutant that lacks 3-ketoacyl-CoA reductase activity (YBR159) 
(Beaudoin et al., 2002). The enoyl reductase component of the fatty acid elongase has been 
characterized from yeast (TSC13) and Arabidopsis (Gable et al., 2004). 
VLCFAs are precursors for cuticular wax constituents 
The 20- to 34-carbon fatty acid products are thought to be further metabolized by one of 
three pathways (Figure 3): the reductive pathway, the decarbonylation pathway and the /3-
keto acyl elongation pathway (Post-Beittenmiller, 1996). The reductive pathway generates 
aldehydes, alcohols and esters. This pathway seems to be the prominent pathway in maize 
seedlings as seedling cuticular waxes are rich in aldehydes and alcohols (Bianchi and Avato, 
1989). The decarbonylation pathway uses aldehydes to generate secondary alcohols, alkanes 
and ketones. Thus, the majority of the Arabidopsis stems and leaves cuticular wax 
constituents i.e., ketones and alkanes are derived via this reductive pathway (Hannoufa et al., 
1993; Kolattukudy, 1996). The /3-keto acyl elongation pathway is thought to generate 
oxoacyl wax classes such as /3-diketones, hydroxyl-/3-diketones and esterified alkan-2-ols, 
These complex metabolomic processes are thought to uniquely occur in the epidermal cells 
of plants. But their interconnection to each other still remains unrevealed. 
Cuticular transportation of cuticular wax constituents 
The secretion of the highly hydrophobic waxes to the surface of plants still remains 
unknown. Since the synthesis and the modification of VLCFAs occur in the cytosol of the 
epidermal cell, there must be a mechanism for getting these on to the cell surface. In animals, 
lipid transfer proteins (LTPs) have been found as possible lipid carriers of lipids either 
between membranes or organelles (Kader, 1996). Such molecules also are found in plants 
and in microorganisms (Yamada, 1992). Several observations support the hypothesis that 
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LTPs may be involved in the deposition of the cuticular waxes on the plant surface(Sterk et 
al., 1991): which were found as major constituents in barley (Simpson and Von Wettstein-
Knowles, 1980; Mikkelsen, 1984) and sorghum (Von Wettstein-Knowles et al., 1984). 
de novo 
acetyl-CoA 
FAS 
-> fatty acids (Cig) 
esters esterification 
fatty alcohols 
elongation 
very-long chain 
fatty acids (C20-C34) 
reduction 
fatty aldehydes 
reduction yyciecarbonylation 
alkanes 
KCS 
P-ketoacyl-CoA 
(3-diketones 
hydroxylation 
hydroxylation hydrOXy-P-
t diketones 
2° alcohols 
oxidation 
ketones 
Figure 3. Possible cuticular wax biosynthetic pathways. 
the main location of LTPs is the cell wall; the epidermis was found as the major tissue of 
LTP protein expression (Gausing, 1994); LTPs are mainly on young leaves where the 
cuticular waxes are abundant (Pyee and Kolattukudy, 1995); and LTPs bind to acyl chains 
(Meijer et al., 1993). More recently, the cloning of the gll gene of maize (Hansen et al., 
1997), and its Arabidopsis homolog, CER1, (Aarts et al., 1995), has led to the identification 
of these genes as coding for 7-transmembane spanning class of membrane bound proteins. 
Although the exact functions of these genes are still unknown, their structural similarity to 
proteins that appear to fuse membrane systems, has led to the speculation that these proteins 
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may be involved in the movement of cuticular wax components across membrane systems, 
via some type of membrane fusion mechanism. 
Recently, it has been shown in Arabidopsis that the CER5 gene encodes for ABC 
transporter-like protein. Based upon the sequence similarity, and the reduced cuticular waxes 
in the mutant cer5, this plasma membrane localized protein is thought to be involved in wax 
transport to the cuticle (Pighin et al., 2004). 
Unusual constituents in cuticular waxes 
Several classes of compounds other than derivatives of VLCFAs, have been reported 
as the cuticular wax constituents in plants. Those chemical classes include; diols, /?-
diketones, terpenoids and phenolic substances (Bianchi, 1995). Diols are categorized as a 
"less common wax class" (Bianchi, 1995), and they are found as typical constituents of 
surface lipids of conifer trees (Franich et al., 1979), and also occur in leaves of Avicennia 
mariana (Mohan and Saral, 1998). Three different series of long-chain alkanediols were 
identified in leaf cuticular waxes of Myricaria germanica including; carbon 30-34 
alkanediols, homologous series of/3-diols of carbon 25-43, homologous series of 7-diols of 
carbon chain lengths 39-43 (Jetter, 2000). These alkanediols and 3-hydroxyaldehydes were 
found in leaf cuticular waxes of caster beans (Vermeer et al., 2003). In 1962, the /3-diketones 
were first isolated as leaf waxes in Eucalyptus spp., Acacia spp., and Dianthus spp reviewed 
by (Bianchi, 1995). /3-diketones have been found as major class of wax constituent in several 
plant species such as barley (Mikkelsen, 1984), and sorghum (Von Wettstein-Knowles et al., 
1984). 
Waxes contain either acyclic or two structurally different cyclic triterpenes, i.e., 
tertracyclic sterols and pentacyclic triterpenes. Both cyclic triterpenes are originated from 
squalene as their precursor. Thus, squalene is also found in the epicuticular waxes (Pilon et 
al., 199). Cuticular waxes from several different organs of mature maize plant contains both 
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these cyclic terpenes. Pollen of maize contains sterols (Bianchi et al., 1990), husk and mature 
leaf of maize have different triterpenes such as, sitosterol, campesterol and stigmasterol 
(Bianchi and Avato, 1989). Maize kernel pericarp contains about 10% of stigmasterol 
(Gembeh et al., 2001). Amyrins are found as major pentacyclic triterpene in different plant 
species (Griffiths et al., 2000; Carvalho et al., 2001; Vermeer et al., 2003). Cuticular waxes 
of Euphorbiaceae plants contain triterpenes which form thread-like crystals to make the plant 
surface very slippery for most insects, and thus provide protection to the symbiotic ant 
partners (Markstadter et al., 2000). 
Tocopherols were recently added to the constituents of cuticular waxes. All three 
isomers of tocopherol (a, /3, 7) were found in flower cuticular waxes of red raspberry 
(Griffiths et al., 2000). Terpenoid are not the only aromatic compounds found in cuticular 
waxes, also long-chain esters of phenylpropyl and phenylbutyl were reported in needle waxes 
of Taxus baccata (Jetter et al., 2002). 
Even though alkanes are common as major constituents of cuticular waxes, alkenes 
are less common (Bianchi, 1995). n-alkenes have been found in Picea spp. with carbon chain 
length range from 17-31 (Prugel and Lognay, 1996). Branched chain alkanes were also found 
in cuticular waxes of tobacco, kohlrabi and Brussels sprouts (Kroumova and Wagner, 1999). 
Especially very long chain (carbons 31 -34) methyl-branched alkanes were reported in tomato 
fruit cuticular waxes (Vogg et al., 2004) and in petal cuticular waxes of Antirrhinum majus L. 
(snapdragon) (Goodwin et al., 2003). Halogenated long-chain alkanes (1-chloro-n-alkane) 
have also reported as constituents of leaf waxes in halophytes (Grossi and Raphel, 2003). 
Genes involve in cuticular wax biosynthesis 
The biosynthetic origin of cuticular waxes is being elucidated in plants via a 
combination of molecular genetic and biochemical approaches. However, understanding of 
the genes involved in this biosynthetic pathway is poor. Mutations in genes involved in the 
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production of cuticular waxes that affect the amount and/or composition of the cuticular wax 
present on leaf surfaces are known. But, only a few of these genes have been cloned, and of 
those even fewer have defined molecular functions. These include the Arabidopsis cer 
mutants (Aarts et al., 1995), the barley cer-cqu mutants (Von Wettstein-Knowles, 1986), 
sorghum bloomless (bm) mutants (Jenks et al., 1992) and maize, glossy mutants (Schnable et 
al., 1994). Barley is one of the most extensively studied species; nearly about 1560 cer 
mutants from barley have been identified with 85 identified loci (Von Wettstein-Knowles, 
1995). In Arabidopsis, 24 different cer mutants have been identified as wax deficient mutants 
(Rashotte et al., 2004). In sorghum, 12 genes have been characterized for the bloomless (bm) 
mutation (Jenks et al., 2000). 
Mutants in maize that affect the normal accumulation of cuticular waxes were first 
isolated in the 1920s (Hayes and Brewbaker, 1928) and these were termed the glossy 
mutants; by the 1950s 14 such mutants had been identified. This collection of mutants was 
characterized in terms of the effect on cuticular wax composition by Bianchi and colleagues 
(Bianchi et al., 1975). A collection of 186 glossy alleles that affect normal deposition of 
epicuticular waxes have been identified (Schnable et al., 1994). Allelism tests reveal that 
these mutants define 28 glossy loci, including nine previously unknown loci (Dietrich, 2002). 
Four of the glossy genes have been cloned; gll (Hansen et al., 1997), gl2 (Tacke et al., 1995), 
gl8 (Xu et al., 1997), and gll5 (Moose and Sisco, 1996). 
Maize GL8 encodes for 3-ketoacyl reductase 
The existence of the gl8 locus was first reported in 1935 (Emerson et al., 1935). The 
mutator transposon system has been used to generate a number of MM insertion alleles in gl8 
(Schnable et al., 1994). Immunolocalization experiments demonstrated that GL8 accumulates 
in ER membranes (Xu et al., 1997). The role of the GL8 as a reductase in fatty acid elongase 
was established by using immunoinhibition studies using anti-GL8 antibodies, which inhibit 
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the in vitro elongation of stearoyl-CoA (Xu et al., 2002). Initial characterization studies on 
this gl8 gene lead to identification of a paralog of gl8. The original gene and the newly found 
paralog have been termed gl8a and gl8b, respectively. These two genes are located on 
chromosomes 5 and 4 of maize, respectively (Dietrich et al., 2005). The nucleotide sequence 
of the coding region of the gl8b gene is nearly identical (97% identity) to that of the gl8a 
gene, hence the two proteins products differ from each other by only 11 amino acids among 
327 acids sequence. 
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Abstract 
This study examined the composition of cuticular waxes that accumulate on the 
surfaces of seedling leaves, coleoptiles, mature leaves, husks, ears, pollen and silks of maize 
plants. In addition, the effects of coleoptile and seedling leaf development on the 
accumulation of the cuticular wax components have been examined. In combination, these 
detailed analyses indicate that there is a spatial and temporal program that regulates the 
composition of these surface lipid constituents. Specifically, with the exception of seedling 
leaves and the coleoptile (which accumulate primarily alcohols and aldehydes), maize organs 
accumulate products of the decarbonylation pathway of cuticular wax biosynthesis (i.e., 
alkanes and alkenes). For the first time these studies have identified the chemical nature of 
the alkenes that accumulate in maize cuticular waxes as a major constituent, in contrast to 
other organisms (e.g., Arabidopsis) the ketones that occur in maize waxes are methylketones. 
Finally, this study has revealed that in addition to the expected alkyl-derivatives, the cuticular 
waxes of maize also contain isoprenoid-derivatives, and their accumulation is also spatially 
regulated. The data presented herein set the basis for the metabolomic analysis of genetic 
variants (either due to natural variation or to specific mutations) that affect the normal 
accumulation of this unique extra-cellular lipid fraction. 
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Introduction 
The aerial organs of terrestrial plants are coated with a complex mixture of lipids, called 
the cuticle. The biological function of the cuticle is complex and not precisely defined. It 
has been implicated as having a critical role in plant-water relationships (Riederer and 
Schreiber, 2001; Oliveira et al., 2003), in plant responses to environmental stimuli, e.g., UV 
radiation (Reicosky and Hanover, 1978; Kakani et al., 2003), temperature and surfactants 
(Schonherr and Baur, 1996), in the interactions of plants with pathogens (e.g. insect, fungi, 
bacteria), and in pollen-stigma interactions (Eigenbrode, 1995; Juniper, 1995; Wolters-Arts 
et al., 2002). 
The cuticle is composed of at least three components, cutin, cuticular waxes and 
epicuticular waxes (Martin and Juniper, 1970). Cutin is a cross-linked polyester polymer that 
is covalently bound to the cell wall of epidermal cells. The monomelic units that constitute 
cutin are bifunctional fatty acid derivatives of between 16- and 22-carbon chain lengths 
(Kolattukudy, 1974; Heredia, 2003). These monomers are co-hydroxy-fatty acids, cc,co-di-
alcohols, a,co-dibasic acids, epoxy-fatty acids, and hydroxy-fatty acids. Cuticular and 
epicuticular waxes are embedded within and on the surface of cutin respectively, and are 
bound to the plant via hydrophobic interactions (Kolattukudy, 1996). These components are 
readily extracted from plant organs by transiently "dipping" tissues in a non-polar organic 
solvent such as hexane, chloroform or dichloromethane. The cuticular and epicuticular 
waxes are a complex mixture of compounds that are biosynthetically derived from very long 
chain fatty acids (VLCFAs). These include fatty acids, fatty aldehydes, fatty alcohols, esters, 
ketones, alkanes, alkenes and other oxygenated VLCFA derivatives (Kolattukudy and 
Walton, 1973). The exact composition of cuticular and epicuticular waxes varies between 
different organs and among different species (Post-Beittenmiller, 1996; Kunst and Samuels, 
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2003). In addition, environmental factors affect compositional changes in the cuticular and 
epicuticular waxes (Hauke and Lukas, 1998). 
The products of de novo fatty acid biosynthesis are expected to be precursors for 
cuticular wax biosynthesis. Specifically, 16- and 18-carbon fatty acids, products of de novo 
fatty acid biosynthesis are further elongated by an endoplasmic reticulum localized fatty acid 
elongase system (von Wettstein-Knowles, 1982). The 20- to 34-carbon fatty acid products 
are thought to be further metabolized by one of three pathways: the reductive pathway, the 
decarbonylation pathway and the /3-keto acyl elongation pathway (Post-Beittenmiller, 1996). 
The reductive pathway generates aldehydes, alcohols and esters; the decarbonylation 
pathway uses aldehydes to generate secondary alcohols, alkanes and ketones; and the /3-keto 
acyl elongation pathway generates oxygenated products. These complex metabolic processes 
are thought to uniquely occur in the epidermal cells of plants. 
Biochemical studies have provided the skeleton of the metabolic processes that underlie 
the biosynthesis of this lipid mixture, but the genetic and biochemical regulation of this 
process is poorly understood. A number of collections of mutants that affect the normal 
accumulation of cuticular waxes are available for elucidating the molecular genetic 
regulation of cuticular wax biosynthesis. These include an extensive mutant collection in 
Arabidopsis, the cer mutants (Jenks et al., 1995); barley, the cer-cqu mutants (Von 
Wettstein-Knowles, 1986); and maize, the glossy mutants (Schnable et al., 1994). 
Additional, but less extensive collections have also been generated in cabbage, pea, and 
sorghum (Jenks et al., 1992). Each of these collections offers unique opportunities for 
combined biochemical and genetic studies that should reveal different aspects of a very 
complex metabolic process. 
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As a first step in characterizing the nearly 200 glossy alleles of maize (Schnable et al., 
1994; Dietrich et al., 2002) we present herein detailed metabolomic analysis of the cuticular 
waxes of different organs of a normal "wild-type" maize plant. Although this type of 
analysis has been conducted previously (Avato et al., 1990; Bianchi et al., 1990), it was done 
over 15 years ago. In addition, the previous studies were conducted in different genetic 
background (inbred Wf9), and our studies were pursued in the inbred B73. Furthermore, the 
improved sensitivity available with current analytical technologies is providing novel insights 
into the biochemistry of cuticular waxes. 
2. Experimental 
2.1. Plant material and epicuticular wax extraction 
All analyses were conducted on the maize inbred, B73. Cuticular waxes were 
extracted from 9-day old green house grown maize seedling leaves. Other organs were 
collected from field grown maize plants. These organs were: pollen, mature leaf (the leaf 
attached to the second ear), husk (the second outer most husk), silk (which had extruded from 
the ear), and immature ear (without any silk or husk). Cuticular waxes from these organs 
were extracted immediately upon harvesting. 
Cuticular waxes were extracted with HPLC grade chloroform (Acros Organics, NJ). 
Immediately prior to extraction, 1 jag of hexadecane (0.1 mg/mL) (Sigma, MO) was applied 
directly on the plant material (about 300 mg of tissue) as an internal standard. The plant 
material was transiently immersed in chloroform for 60 seconds. After extraction the plant 
material was recovered, dried in an oven at 100 °C, and its dry weight determined. The 
chloroform extract was filtered through a plug of glass wool and the filtrate was dried in a 
rotary evaporator at 30 °C under reduced pressure. The dried wax sample was dissolved in a 
small volume (250 u,L) for analyses via HPLC or GCMS. 
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2.2 HPLC separation of maize seedling cuticular waxes 
Seedling cuticular wax extracts were separated into their chemical classes via reverse 
phase chromatography (Adsorbosphere CI8 (12% C), 3u, 53 mm x 7 mm, Altech, Deerfiled, 
IL) using a Beckman HOB HPLC system. Elution was monitored with an evaporative light 
scattering detector (ELSD 11 A, Varex, Maryland). The nebulizer and the evaporator of the 
detector were set at 70 °C. The HPLC solvent gradient system was as follows: 0-10 min, 
100% THF; 10-20 min, linear gradient to heptane:THF (70:30); 20-25 min, THF:heptane 
(70:30); 25-36 min, 100% heptane; 36-40 min, 100% THF. The flow rate was at 1.0 ml/min. 
Fractions containing constituents of different chemical classes were collected using a fraction 
collector. 
2.3. Chemical derivatization 
The positions of carbon-carbon double bonds in unsaturated components were 
determined as dimethyl disulfide adducts. Isolated cuticular waxes (~1 (ig) were dissolved in 
20 uL of heptane and incubated overnight at 40 °C with 50 uL of dimethyl disulfide and 5 
uL of 0.06% I2 in diethyl ether. The reaction was stopped by the addition of 50 uL of heptane 
and 25 uL of aqueous solution of Na2S03 (5%). The organic layer was recovered and 
concentrated prior to GCMS analysis (Buser et al., 1983). 
2.4. Gas chromatography-mass spectrometric analysis 
Chromatographic analysis was performed with a gas chromatograph (Model 6890 
series, Agilent Technologies, Palo Alto, CA), equipped with a mass detector Model 5973 
(Agilent Technologies, Palo Alto, CA). Chromatography was conducted with HP-5MS cross-
linked (5%)-diphenyl-(95%)-dimethyl polysiloxane column (30 m length, 0.25 mm ID.), 
using helium as the carrier gas. The injection temperature was at 300 °C. The oven 
temperature was initially at 80 °C and was increased to 260 °C at a rate of 5 °C/min. After 
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holding this temperature for 10 minutes, it was ramped to 320 °C at a rate of 5 °C/ min and 
held there for 30 min. Peak identification was facilitated by using the HP enhanced chemical 
analysis software G1701BA version B.01.00 with Windows NT™ operating system. 
To quantify the accumulation of different cuticular wax components, the response of 
the mass-spectrometer was calibrated for each class of components relative to the hexadecane 
internal standard using an FID detector. For this purpose the following commercially 
available standards (Sigma Chemical Co., St. Louis, MO) were used; the response of the 
mass-spectrometer relative to hexadecane is provided in brackets. Specifically, 1-
octacosanol was the alcohol standard (93% of the hexadecane response), decanal was the 
aldehyde standard (86% of the hexadecane response), heptacosane was the alkane standard 
(98% of the hexadecane response), 6-tricosanone was the ketone standard (85% of the 
hexadecane response), and icosyl docosanate was the ester standard (72% of the hexadecane 
response). 
3. Results 
3.1 Chemical analysis of cuticular waxes 
The typical gas chromatogram of maize cuticular waxes identified about 50 peaks. To 
facilitate the complete identification of all cuticular wax constituents, extracted cuticular 
waxes were first fractionated by reverse phase HPLC into the chemical class constituents, 
i.e., aldehydes, alcohols, alkanes, ketones and esters (Fig. 1). Identification of these chemical 
classes was based on standard mixtures of alkanes (of 12-26 carbons), alcohols (1-
octacosanol, 1-octadecanol and 1-docosanol), ketones (2-heptadecanone, 14-heptacosanone 
and 6-tricosanone), esters (docosanyl eicosanoate, docosanyl docosanoate, and docosanyl 
hexacosanoate), aldehydes (octadecanal, decanal and dodecanal) and fatty acids mixture (of 
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16-20 carbons). The separated peaks were collected as they eluted from the HPLC column 
using a fraction collector. 
Each collected fraction was then analyzed by GCMS. Thus by knowing the chemical 
class of molecules contained in each fraction, the identification of all wax constituents by 
GCMS was simplified. Identification of each wax constituent was based on m/z values of the 
molecular ion and on the mass-fragmentation pattern of each molecule from electron impact 
ionization (EI) (Perera and Nikolau, 2005 in preparation). 
Because esters are 'hybrid' molecules consisting of a very long chain alcohol and a 
very long chain fatty acid, their identification was more complex than the other chemical 
classes. The total carbon chain length of each ester was deduced from the m/z value of the 
molecular ion. However, each GC-separated ester peak could consist of several isomers, i.e., 
C40 ester could be at isomers of C20 acid + C20 alcohol, C22 acid + Cig alcohol, or C24 acid + 
Ci6, alcohol etc. Ester isomers with the same total carbon number, but differing in their acid 
and alcohol moieties were identified via the characteristic protonated acid fragment obtained 
from electron-impact mass spectrometry (Reiter et al., 1999) (For example see Fig. 2). 
3.2. Spatial differences in the accumulation and composition ofcuticular waxes 
The recent cloning of maize genes required for the normal accumulation ofcuticular 
waxes (Moose and Sisco, 1994; Tacke et al., 1995; Hansen et al., 1997; Xu et al., 1997; Xu et 
al., 2002) is providing molecular tools to study the regulation ofcuticular wax biosynthesis. 
These studies indicate that cuticular wax biosynthesis is developmentally regulated (Moose 
and Sisco, 1994). This developmental regulation of the expression ofcuticular wax 
biosynthetic genes would manifest spatial and temporal differences in the composition and 
accumulation ofcuticular waxes among different organs of maize. Indeed, in maize there is a 
remarkable difference in the amount ofcuticular waxes that accumulate on the seven organs 
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that were surveyed in this study. Maximum accumulation of cuticular waxes occurs on 
seedling leaves, followed in decreasing order by silk, pollen, coleoptile, husk, mature leaf 
and ear (Table 1). 
In addition to quantitative differences in the cuticular waxes associated with each organ, 
the composition of the waxes differs among these organs (Fig. 3). Specifically, whereas 
alcohols and aldehydes account for the majority of the waxes of seedling leaves (92%) and 
coleoptile (83%), hydrocarbons, such as alkanes, alkenes, and dienes, make up the majority 
of the waxes of the other five organs examined. For example, alkenes and alkanes account 
for 89% of the waxes of both pollen and silk. Indeed, alcohols uniquely accumulate in 
seedlings and are not detectable at significant levels in any of the other organs examined. 
Other components that uniquely distinguish the cuticular waxes of different organs are 
amyrins that account for 32% of mature leaf wax, sterols that account for 3% of pollen wax, 
and saturated methyl ketones that account for 21% of the husk wax. 
The cuticular wax load of seedling leaves is the highest of all the organs examined (Table 
1). The majority of this seedling wax is composed of 32-carbon chain length aldehyde and n-
alcohol, which together account for 85% of the total wax load (Fig. 4). Other minor 
components of this wax include n-alcohols (of 20 and 22 carbon chain lengths), aldehydes 
(of between 18-24 carbon chain lengths), fatty acids (of 14, 20 and 22 carbon chain lengths), 
and esters (of 38-42 and 52 carbon chain lengths). Among the esters, C52 esters, which are 
composed of a C22-acid (docosanoic acid) esterified to C30-alcohol (triacontanol), and a 
C20-acid (eicosanoic acid) esterified to C32-alcohol (dotriacontanol) are the major ester 
constituents. The ketones (of 23, 25, 27 and 31 carbon chain lengths) those were found in 
seedling waxes are methyl ketones, and they account for about 1% of the total wax (Fig. 3). 
Consistent with previous studies (Bianchi and Avato, 1984), the majority of the seedling 
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cuticular waxes are products of the reductive pathway of cuticular wax biosynthesis, whereas 
products of the decarbonylation pathway, such as alkanes are minor components of this wax. 
The coleoptile is a modified leaf that covers the first few leaves at the early stage of a 
growing seedling. Being the first organ of the germinating seedling that is exposed to the 
aerial environment, the coleoptile contains considerable amount of wax on its cuticle. 
Cuticular wax accumulation on 8-day old coleoptiles is about half of that which accumulates 
on seedling leaves (2.0 umole/g dry weight). In addition to the acyl-derivatives that 
constitute 80% of the coleoptile waxes, which are products of both the reductive and 
decarbonylation biosynthetic pathways, a considerable portion of these waxes (20%) are 
sterols (i.e., a, /3 and 7 tocopherols and friedelin) (Figs. 3 & 5). The majority of the coleoptile 
waxes are a homologous series of even numbered aldehydes from 20- to 32-carbon chain 
length (Fig. 5). Furthermore, coleoptile cuticular wax contains about 15% of esters (carbon 
chain lengths of 40-48). These esters are composed of 16-28 carbon alcohols esterified with 
acids of 18-30 carbons. 
The wax load on the mature leaf that subtends the developing ear of a maize plant is one 
tenth (0.5 umole/g dry weight) of that found on seedling leaves. Uniquely, among the organs 
we have examined, the cuticular wax of this leaf contains three isomers of amyrin, a, p and y, 
which together account for 32% of these cuticular waxes. In contrast to seedling leaves, 
where products of the decarbonylation pathway (i.e., alkanes) are minor components of the 
wax, in mature leaves these products account for about half of the total wax (Figs. 3 & 6). 
These alkanes are of 21, 25, 29 and 31 carbon chain lengths. Although aldehydes can be 
considered as products of both the reductive and decarbonylation biosynthetic pathways, 
because the cuticular waxes of mature leaves are primarily products of the latter pathway we 
suggest that these aldehydes be considered as products of the decarbonylation pathway. The 
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aldehydes that accumulate are a homologous series of even numbered chain lengths of 
between 22 and 34 carbon atoms, and they account for 18% of the wax load of mature leaves. 
Products of the reductive biosynthetic pathway accumulate to considerably lower levels 
in mature leaves. For example, fatty acids and alcohols are undetectable in this wax, and 
esters (of 40, 44, 46, 48 and 50 carbon chain length) account for only 3% of the mature leaf 
wax (Figs. 3 & 5). These esters are composed of alcohols of 16-26 carbons esterified with 
acids of 14-32 carbons. Other minor components of this wax are methyl-ketones of 21 and 27 
carbon chain lengths (account for less than 1%) (Fig. 3). 
Immature ears have the lowest cuticular wax load of all the organs that were examined (7 
nmol/g dry weight). All the cuticular wax components that were identified on this organ 
have odd numbered carbon chain lengths. Hydrocarbons and methyl ketones account for 70% 
and 30%), respectively of this wax (Fig. 3). Among these are alkanes and alkenes (of 23, 25, 
27, 29, 31 carbon chain lengths), and one saturated methyl-ketones (of 21, 25, 27, and 29, 
and carbon chain lengths) and an unsaturated methyl-ketone of 27 carbon chain length with a 
double bond at the 18-carbon position (Fig. 7). 
The cuticular wax load on husk is approximately the same as that of mature leaves (0.79 
umol/g dry weight). The majority of these waxes (63%) are products of the decarbonylation 
biosynthetic pathway (Fig. 3). These components are alkanes (of 19, 23, 25, 27, 29, and 31 
carbon chain lengths) and alkenes (of 23, 25, 27, 29, and 31 carbon chain lengths). Saturated 
methyl-ketones (21, 23, 25, 27, and 29 carbon chain lengths) comprise approximately 20% of 
this wax, and a very small amount of a 27-carbon unsaturated methyl-ketone with the double 
bond at the 4th carbon is also present (Fig. 8). This wax also contains aldehydes (28-, 30- and 
32-carbon), and as with the mature leaves we consider that these are probably products of the 
decarbonylation biosynthetic pathway. The only components that are products solely of the 
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reductive biosynthetic pathway are the esters (of 38, 40, 42, 44, 46, and 48 carbon chain 
lengths), which account for 2% of the wax load (Fig. 3). These esters are composed of 14-28 
carbons alcohols esterified with 14-30 carbons alcohols. 
Cuticular wax constituents in silk and pollen are almost identical to each other. The 
waxes of both tissues are products of the reductive pathway. Pollen cuticular waxes are 
mixture of alkanes of 21-31 carbon chain lengths, alkenes of 25-31 carbon chain lengths, 
dienes of 27-29 carbons, methyl ketones of 21-29 carbon chain lengths, and unsaturated 
ketones of 25-29 carbons (Fig. 9). One distinguishing difference between the waxes of silks 
and pollen is the occurrence of sterols in pollen, which are absent from silks, (Fig. 3). These 
pollen-specific sterols account of 5% of the wax and in order of decreasing abundance, are 
ergosa-5-ene-3-p-ol, friedelin, ergosa-5, 2,4-diene-3-P-ol, y-sitosterol, stigmasterol, and fern-
7-en-3p-ol. Another difference between silk and pollen waxes is the absence of aldehydes 
from pollen wax. 
On silks, cuticular waxes accumulate to levels similar to those found on seedling leaves 
(4.5 umol/g dry weight). However, in contrast to seedling leaves, which accumulate 
primarily products of the reductive pathway, silk waxes are almost exclusively products of 
the decarbonylation biosynthetic pathway, and these components include alkanes, alkenes 
and dienes (Fig. 10). Waxes of silk also contain saturated and unsaturated methyl-ketones, 
which account for 9% of total wax load (Fig. 3). Saturated compounds such as alkanes and 
ketones are in the range of 21 to 33 carbons, whereas alkenes and unsaturated ketones are in 
the range of 23 to 31 carbons. In addition, silk waxes contain aldehydes of 26, 28 and 30 
carbon chain lengths, but they only account for 0.15% of the total wax load. 
The positions of the carbon-carbon double bonds in the alkenes and dienes were 
identified by GCMS analysis of dimethyl disulfide adducts. These analyses identified five 
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different alkenes. The double bond in alkenes of between 25 and 27 carbon chain lengths 
was positioned at either the fourth or ninth carbon, and in alkenes of 29 and 31 carbon chain 
lengths the double bond was at either at the fourth, sixth or ninth carbon. The same analyses 
identified two classes of dienes; those have double bonds at the sixth and ninth carbons (of 
both 27 and 29 carbons chain length), and those have double bonds at the ninth and twelfth 
carbons (of 29 carbon chain lengths only) (Figs. 9&10). 
3.3. Effect of organ development on the accumulation and composition ofcuticular waxes 
As a typical monocot, maize seedling leaves are sequentially wrapped around each 
other, with the oldest leaf on the outside and the youngest on the inside of the seedling whorl 
(Kiesselbach, 1999). Furthermore, because these leaves expand by cell division and 
subsequent cell elongation processes that are sequestered at the base of the seedling, cells 
within each leaf are linearly arranged according to age, with the older cells occurring at the 
distal end of the leaf blade and youngest cells proximal to the base. In this development, the 
leaf blade is formed first, followed by the differentiation of the ligule, which distinguishes 
the blade from the sheath of the leaf. 
To investigate the effect of this developmental program on cuticular wax 
accumulation, analyses were conducted on different seedling leaves and different regions of 
seedling leaves (Figs. 11-13). Among the first three leaves of 9 d-old seedlings, the second 
leaf has the highest cuticular wax load (2.7 umol/g dry weight); with the first (1.0 (xmol/g dry 
weight) and third (0.9 umol/g dry weight) leaves accumulating about one-third of that 
amount (Fig. 11). Aldehydes and alcohols account for about two-thirds and one-third 
respectively, of the waxes on the first two leaves of the seedling, with alkanes accounting for 
a small proportion of these waxes (about 3%) (Fig. 11). On the third leaf, the waxes are a 
more equal mixture of these three constituents. Most of the quantitative difference between 
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the first, second and third leaves is accounted by the modulation in the accumulation of 
aldehydes and alcohols. 
To investigate the effect on cuticular wax deposition in the differentiation between 
the leaf blade and leaf sheath, these portions of the first three leaves of 9-days old maize 
seedlings were separated and analyzed (Fig. 12). In all three leaves, the leaf blade 
accumulates twice as much wax as that of the leaf sheaths (Fig. 12), implying that cuticular 
wax production occurs primarily on elongated cells of the epidermis. But the composition of 
cuticular waxes is unchanged between the sheath and blade regions of the leaves. Major 
constituents are aldehydes of chain length of 32 and 22 carbons, alcohols of 32 carbons, and 
alkanes of 15 and 29 carbons. In all leaves examined, esters accumulate to very low levels 
(about 0.05%). 
To study the effect of cellular age on cuticular wax deposition and composition, 
blades of the first two leaves were cut into three sections. These three sections, distal, mid 
and proximal, correspond to increased cellular age distal being the oldest (Fig. 13 A). There 
are quantitative and compositional changes in the cuticular waxes of these leaf sections (Fig. 
13B). In both leaves, the distal portion of the leaf blade, containing the older cells has highest 
levels of cuticular wax. On the first leaf, aldehydes account for majority of the cuticular 
waxes, and cellular age appears to primarily affect on the accumulation of alcohols. In 
contrast, on the second leaf, alcohols account for the majority of the waxes, and cellular age 
primarily affects the ratio of aldehydes to alcohols. These changes in accumulation and 
composition imply that there is a temporal program to cuticular wax accumulation, which 
increases with age. 
To obtain a higher resolution view of this temporal program, we also analyzed 
cuticular waxes from smaller sections of the first and second leaf of the 9-days old seedling. 
40 
These leaves were separately dissected into six 2-cm long sections, which were labeled A-F, 
with section A being proximal, and section F being the most distal from the base of the 
seedling. Consistent with the findings presented in Fig. 13, cuticular wax accumulation on 
both seedling leaves increases with increasing cellular age (Fig. 14). Moreover, on the second 
leaf, wax accumulation is particularly low in the two youngest sections, which are whorled 
by the sheath of the first leaf, and there is a dramatic increase in the accumulation of waxes 
as these cells emerge from the whorl (c.f., leaf sections A and B to section C; Fig. 14). This 
increase in wax deposition is primarily due to enhanced accumulation of the aldehyde 
fraction of the wax. The main constituents of the cuticular waxes in all these sections are 
aldehydes of 32 and 22 carbons, alcohols of 32 and 30 carbons, and alkanes of 29, 27 and 15 
carbons. The small quantities of esters (1% of the wax) that are found in these leaf sections 
are of 40, 42 and 44 carbon chain lengths. 
Additional evidence in support of a temporal program to cuticular wax accumulation 
was obtained from the analysis of maize coleoptiles of increasing age. In this developmental 
program, cuticular wax accumulation was highest on the youngest coleoptiles and decreased 
by approximately one third over a four days period. The relative composition of this wax did 
not vary with developmental time (Fig. 15), with esters and aldehydes accounting for the 
major portion of the waxes (about 65%), while alkanes and ketones account for about 15% 
and 2% respectively. 
4. Discussion 
The cuticular wax analyses reported herein expands upon data that was originally 
collected nearly 20 years ago (Bianchi et al., 1982; Avato et al., 1990). In addition to taking 
advantage of new enhanced analytical capabilities that are now available, the study presented 
herein was gathered from different maize genetic background from that used in the prior 
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studies. Indeed, our side-by-side comparison (data not shown) of the analyses of cuticular 
waxes from the maize inbred Wf9 (used in the prior studies) and the inbred B73 (used in this 
study) indicate that the differences between our study and those reported previously are 
indeed due to the different genetic backgrounds that were used. These differences are 
primarily, the near absence of wax esters in the cuticular waxes of seedling leaves in the 
inbred B73, whereas in the inbred Wf9 these are major components of this wax. Other 
differences between the inbreds Wf9 and B73 are the ratio of alcohols and aldehydes that 
accumulate in seedling leaves and the occurrence of methylketones. In Wf9, the alcohols 
accumulate at a 4-fold molar access over the aldehydes, whereas in B73, they accumulate to 
near equal levels (45% and 42%, respectively) (Bianchi et al., 1982). Methylketones do not 
occur in Wf9, but accumulate to low levels in B73. 
The alkyl components of cuticular waxes are generally considered to be derived from 
elongated fatty acids that are subsequently derivatized by one of three distinct biosynthetic 
pathways: 1) the reductive pathway that generates aldehydes, alcohols and esters; 2) the 
decarbonylation pathway that branches from the aldehyde pool and generates alkanes, 
secondary alcohols and ketones; and 3) the P-ketoacyl elongation pathway that generates 
oxygenated components. Prior research has indicated that maize primarily generates 
products of the reductive pathway (Avato et al., 1980). But that may be a consequence of the 
fact that most of the older studies were conducted on young seedling leaves (Bianchi et al., 
1979), which is the organ on which the collection of glossy mutants primarily presents their 
reduced wax phenotype (Schnable et al., 1994). The more extensive data of the waxes of 
seven different organs of maize presented herein indicate that young seedling organs (leaves 
and coleotiles) are exceptional organs in accumulating large quantities of the products of the 
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reductive pathway. All of the other five organs that were assessed accumulate products of 
the decarbonylation pathway (i.e., alkanes and alkenes). 
In addition to the alkyl derivatives, the cuticular waxes of many of the non-seedling 
organs of maize also accumulate non-alkyl components; these are primarily isoprenoids, and 
include sterols and tocopherols. Such compounds accumulate to particularly high levels in 
the waxes of coleoptiles and mature leaves. Although the occurrence of these types of 
compounds in maize cuticular waxes has not been previously reported, they have been found 
in waxes of other species (Griffiths et al., 2000; Carvalho et al., 2001; Vermeer et al., 2003). 
In addition to the first report of non-alkyl components in maize waxes, this study also 
chemically defines for the first time a collection of unsaturated compounds that occur in the 
cuticular waxes of maize. These include the homologous series of odd numbered chain 
length alkenes of 23 to 31 carbons with a double bond at the fourth carbon, alkenes of 23 to 
31 carbons with a double bond at the ninth carbon and alkenes of 25 and 29-31 carbons with 
a double bond at sixth carbon. There are also two homologous series of dienes of 25-27 
carbons with doubles bond at sixth and ninth carbons and a diene of 27 carbon with double 
bonds at ninth and twelfth carbons. Although the occurrence of alkenes had previously been 
reported (Cameron et al , 2002), their exact chemical nature was until now unknown. 
We also detected and characterized a homologous series of both unsaturated and 
saturated ketones with carbon chain length distributions similar to those of the alkanes and 
alkenes. The series of unsaturated ketones have double bonds situated in analogous positions 
as the alkene series, indicating that these molecules are probably derived from a common 
biosynthetic intermediate. In addition, the carbonyl group in these maize ketones is situated 
at the 2-carbon position of the alkyl chain (i.e., methyl-ketones), which contrasts with 
findings in Arabidopsis (Hannoufa et al., 1993) and other species (Rhee et al., 1998), where 
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the ketones have the carbonyl group situated near the middle of the alkyl chain. The 
occurrence of methyl-ketones in maize is coupled with the absence of the analogous 
secondary alcohols (2-hydroxyalkyl chains), which are thought to be the precursors of 
ketones. Indeed, in Arabidopsis, and other species, which accumulate ketones that have 
centrally located carbonyl groups, invariably also accumulate the corresponding secondary 
alcohols. This may be an indication that the two different types of ketones may be derived 
from different biosynthetic routes. For example, recently it's been shown that methyl-
ketones of 11 and 13-carbon chain lengths are biosynthesized from the decarboxylation of 3-
ketoacyl intermediates of de novo fatty acid biosynthesis (Fridman et al., 2005). An 
analogous pathway in which 3-ketoacyl intermediates of fatty acid elongase could produce 
the types of methylketones observed in maize without the need to produce 2-hydroxyalkyl 
intermediates. 
Finally, the emerging field of metabolomics seeks to globally identify the low molecular 
weight (<1,000 Da) biochemical constituents of biological materials (Bino et al., 2004). 
These molecules are primarily either metabolites of intermediary metabolism or end products 
of metabolism. These molecules therefore represent the final molecular level at which most 
genes express their functionality. Hence, one of the many potential utilities of metabolomics 
data is in the field of functional genomics, which seeks to identify the biochemical and 
physiological function of genes (Bino et al., 2004). The application of metabolomics data to 
functional genomics faces a number of inherent limitations. One of these is the fact that 
many individual metabolites are common to different metabolic processes, and thus there is 
lack of a one-to-one correspondence between individual metabolites and individual genes (or 
gene products). Another limitation of metabolomics, at least as currently practiced for 
eukaryotic multicellular organisms, is that it does not discriminate of metabolites of different 
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cellular and subcellular compartments. Because cuticular waxes in plants are biosynthesized 
by a single tissue-type (epidermal cells), the study of the metabolomics of cuticular waxes 
offers a means of systematically addressing one of the limitations to applying metabolomics 
to functional genomics. 
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Table 1. Accumulation of cuticular waxes on different 
maize organs 
organ umole/g dry weight3 
seedling leaves 
coleoptile 
mature leaf 
ear 
husk 
pollen 
silk 
5.4 ±1.0 
2.1+0.3 
0.51 ±0.06 
0.007 + 0.002 
0.79 ±0.05 
2.2 ±0.9 
4.5 + 0.6 
aAverage of three independent extractions ±_ 
standard deviation. 
50 
20 25 
Elution time (min) 
Fig. 1. The HPLC separation of maize seedling cuticular waxes. 
Cuticular waxes were extracted from 9-day old seedling leaves and fractionated by 
reverse phase HPLC as described in the experimental section. 
51 
50 68 83 100 116 131 149 165 182 200 235 265 293 325 359 417 
m/z 
Fig. 2. EI mass spectrum of C40 ester. The different isomers of saturated ester with same 
carbon number were identified via their respective protonated acid moiety. These protonated 
ions are formed by rearrangement of two hydrogens at the ester bond. 
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collected from field grown maize plant. Analyses were conducted in triplicate and the 
average + standard deviation is shown. The numerical data are presented in Appendix A 
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Fig. 10. Cuticular wax composition of silk. 
The total amount (+ standard deviation) of pentacosane, heptacosane, hentriacontane and 4-
nonacosene is given next to the respective bar. Cuticular waxes were extracted and analyzed 
from silk of the second husk of field grown maize plant. Analyses were conducted in 
triplicate and the average + standard deviation is shown. The numerical data are presented in 
Appendix A Table 2.8. 
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Fig. 11. Cuticular waxes on different seedling leaves of maize. 
A. Separated first three leaves of a 9-day old maize seedling. 
B. Cuticular wax composition of the first three leaves of 9-day old maize seedlings. 
M ra r~l 
i , ketones LiiJ, alcohols I . I. esters Aldehydes hliiill, alkanes 
An individual leaves were used for wax extraction. Thus, all three leaves were from a single 
seedling. Analyses were conducted in triplicate and the average + standard deviation is 
shown. The numerical data are presented in Appendix A Table 2.9. 
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Analyses were conducted in triplicate and the average + standard deviation is shown. The 
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Fig. 15. Cuticular wax composition of developing coleoptile. 
Five coleoptiles were pooled for the wax extraction at each time point. Analyses were 
conducted in triplicate the average + standard deviation is shown. 
Acids S , alkanes H , aldehydes LMJ , esters H , sterols The numerical data are 
presented in Appendix A Table 2.12. 
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CHAPTER 3: BIOLOGICAL SYNTHESIS OF ALKENES: A CASE STUDY OF THE 
APPLICATION OF METABOLOMICS IN PATHWAY DISCOVERY 
A paper in preparation of submission to PNAS 
M. Ann D.N. Pereraab, Patrick S. Schnablec, Basil J. Nikolauab 
"Department of Biochemistry, Biophysics and Molecular Biology, bInterdepartmental Plant 
Physiology Program, department of Genetics, Development and Cell Biology, Iowa State 
University, Ames, IA, 50011, USA. 
Abstract 
Long-chain hydrocarbons containing carbon-carbon double bonds (e.g., alkenes, dienes) are 
rare biological molecules. Hence the biosynthetic origins of these molecules are obscure. 
Detailed metabolomic analyses of the cuticular waxes that accumulate on the surfaces of 
maize aerial organs have lead to the identification of a system that is ideally suited for 
experimentation for uncovering the biosynthesis of alkenes. Namely, we have discovered 
that alkenes and dienes constitute a large proportion (50%) of the cuticular waxes that coat 
the surfaces of pollen and silks of maize. These alkenes and dienes are part of four 
homologous series of alkenes and dienes of 23 to 33 carbon-chain lengths, with the double 
bonds situated in different positions of the alkyl chains. Moreover, these metabolomic 
analyses have provided insights into the structure of the biosynthetic pathway that gives rise 
to these cuticular wax components. Specifically, alkenes and dienes are probably 
biosynthesized by a combinatorial pathway of fatty acid elongation and desaturation 
reactions, which are followed by the sequential reduction and decarbonylation of the 
resulting unsaturated fatty acids. 
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Introduction 
Inorganic hydrocarbons, in the form of oil, coal and natural gas, are products of 
geological processing of ancient biological materials. Thus, these hydrocarbons represent 
products of ancient biological fixation of atmospheric carbon dioxide, primarily by 
photosynthetic organisms. As highly reduced carbon, these fossil hydrocarbons serve human 
requirements as an energy source. The hydrocarbons that constitute these fossil fuels are 
richly diverse in chemical structures, ranging from simple short-chain alkanes, to complex, 
branched-chain alkanes, and unsaturated alkenes. As such, these molecules not only serve as 
an energy source, but also serve as a primary source of inexpensive precursors for the 
chemical industry. 
Despite the fact that such hydrocarbons ultimately have an organic origin, these 
molecules are rare in biology. The most abundant forms of biological hydrocarbons are the 
isoprenoids, which are biosynthesized via two independent biochemical pathways (i.e., the 
mevalonate pathway or the Rhomer-pathway) (1,2). Biological systems have the capacity to 
produce a large number of structurally diverse isoprenoids that are multiples of 5 carbon 
atoms (i.e., isoprene); indeed over 50,000 different isoprenoid structures are thought to be 
available in the biosphere. 
In contrast, simple hydrocarbons, n-alkanes and «-alkenes are much rarer in biology. 
However, such molecules are relatively abundant in the cuticle of plants and insects (3, 4). 
The cuticle of these organisms is a complex structure that acts as the outer barrier between 
the organism and its environment. As a water-barrier, the primary function of the cuticle is 
thought to be in regulating the water status of plants and insects (5). 
Alkanes are thought to be biosynthesized from fatty acids ((6-8). In insects, the direct 
decarboxylation of fatty acids generates alkanes (9), but in plants, its thought that fatty acids 
are first reduced to the corresponding aldehyde, which is decarbonylated to generate the 
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alkane (10). These latter biosynthetic processes have not been confirmed by the purification 
of the appropriate enzymes or corresponding genes. The study of the cuticle of maize, 
reported herein, indicates that maize silk tissue may be a convenient system for studying 
hydrocarbon biosynthesis. Moreover, because the maize silk cuticle contains large quantities 
of both n-alkanes and w-alkenes, studies of this tissue would reveal how unsaturated 
hydrocarbons are biosynthesized. The carbon chain lengths of the hydrocarbons of silk 
waxes indicate that they are combined products of de novo fatty acid biosynthesis, which 
generates 18-carbon molecules, followed by fatty acid elongation, which generates molecules 
that are longer than 18-carbons. The studies reported herein suggest that alkenes are 
biosynthesized by parallel pathways that either elongate unsaturated fatty acids prior to 
reduction and decarbonylation, or saturated fatty acids are elongated and during or 
subsequent to elongation they are desaturated and reduced to the corresponding aldehyde, 
which is finally decarbonylated. 
Materials & Methods 
Materials 
Silks were harvested from unpollinated ears of field grown maize plants (inbred B73). 
All solvents and chemicals used for the extraction and analysis of cuticular waxes were 
HPLC grade from Sigma-Aldrich (St Louis, MO). HPLC separation was conducted with 
Beckman Coulter HPLC system (System Gold Nouveau) (Fullerton, CA), equipped with 
evaporative light scattering detector, model ELSD 2000 (Altech, Deerfield, IL). 
Chromatography was conducted with a Supelcosil ™ LCI8 (25 cm, 4.6 mm ID.) column. 
Gas chromatography was performed with an Agilent Technologies gas chromatograph (6890 
series), equipped with a model 5973 mass detector (Agilent Technologies, Palo Alto, CA). 
Chromatography was conducted on HP-5MS cross-linked (5%)-diphenyl-(95%)-dimethyl 
polysiloxane column (30 m length, 0.25 mm I.D.) using helium as carrier gas. Peak 
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identification was facilitated by using HP enhanced chemical analysis software G1701BA 
version B.01.00 with Windows NT™ operating system. 
Methods 
Cuticular wax extraction 
Cuticular waxes were extracted with HPLC grade chloroform from fresh tissue 
immediately after harvest. Before extraction, 1 pig of hexadecane (0.1 mg/mL) (Sigma, MO) 
was applied directly to the surface of the silk tissue (300 mg) as an internal standard. Silks 
were transiently immersed in chloroform for 60 seconds. After extraction the silk tissue was 
recovered, dried in an oven at 100 °C, and its dry weight was determined. The chloroform 
extract was filtered through a plug of glass wool and the filtrate was dried in a rotary 
evaporator at 30 °C under reduced pressure. The dried extract was dissolved in 500 \xL 
chloroform, and 1 uL was injected into GCMS for chemical analysis. 
Chemical derealization of silk cuticular waxes 
The positions of carbon-carbon double bonds in unsaturated components were 
determined as dimethyl disulfide adducts (11). Isolated cuticular waxes (~1 (ig) were 
dissolved in 20 uL of heptane, and incubated at 40 °C overnight with 50 uL of dimethyl 
disulfide (DMDS) and 5 uL of 0.06% (w/v) I2 in diethyl ether. The reaction was stopped by 
adding 50 p,L of heptane and 25 uL of aqueous solution of (5% w/v) sodium thiosulfate. The 
organic phase was recovered and concentrated prior to GCMS analysis. The aldehyde 
fraction obtained from the HPLC fractionation was oxidized with acidified potassium 
dichromate to corresponding fatty acid and were methylated before derivatization with 
dimethyl disulfide. 
HPLC fractionation 
Cuticular wax extracts were separated into their chemical classes via reverse phase 
chromatography using an evaporative light scattering detector. The nebulizer and the 
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evaporator of the detector were set at 70 °C. The HPLC solvent gradient was as follows: 0-2 
min, 100% methanol; 2-4 min, linear gradient to 100% pentane:heptane (1:2); 4-22 min, 
100% pentane:heptane (1:2). The flow rate was at 0.5 ml/min. Fractions containing 
constituents of different chemical classes were collected using a fraction collector. 
Fatty acid analyses 
In order to analyze all fatty acids, tissue extracts were first treated with a strong base 
to hydrolyze fatty acid esters and amides and the released fatty acids were recovered and 
analyzed. Silks (about 100 mg) were homogenized in a Ten-Broek homogenizer with 10% 
(w/v) barium hydroxide containing 10 uL of nonadecanoic acid (2 mg/mL) as an internal 
standard. The homogenate was transferred to a 15 mL screw capped glass tube for 
hydrolysis. To the homogenized tissue, 500 uL of 1,4-dioxane was added, and incubated at 
110 °C for 24 hours. After acidifying the reaction mixture with 6M HC1, fatty acids were 
recovered by extraction with hexane. The hexane layer was dried and the free fatty acids 
were methylated with methanolic-HCl (2N HC1 in methanol) by incubating at 80 °C for 30 
min. The reaction mixture was cooled and fatty acid methyl esters were recovered by 
extraction with hexane. 
Total lipid extraction 
Lipids were extracted from silks as described in Bligh and Dyer (12). Before 
homogenization 20 jj,g of nonadecanoic acid (2 mg/mL) was added to the silk tissue as an 
internal standard. About 100 mg of silk tissue was homogenized using Ten-Broek 
homogenizer with 300 (j,l of methanol:chloroform (2:1). After the addition of 100 (j,l 
chloroform, the mixture was homogenized for additional 30 seconds. After adding 100 \xl 
H2O, the extract was filtered through a 0.45 um PTFE filter and centrifuged l,000g for 5 
minutes. The lower organic phase that contained lipids was recovered, dried and 
transmethylated for GCMS analysis. 
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Gas chromatograpy-mass spectrometric analysis 
Cuticular wax constituents were separated by GC with helium as the carrier gas. The 
injector was held at 300 °C and the starting temperature of the oven was at 80 °C. The oven 
temperature was then increased to 260 °C at a rate of 5 °C/min and after holding this 
temperature for 10 min, the temperature was ramped to 300 °C at a rate of 5 °C/min and held 
at300°Cforl0min. 
Results and discussion 
Chemical analysis of silk cuticular waxes 
GCMS analysis of maize silk cuticular waxes indicates that these waxes consist of a 
large number of novel hydrocarbons. Quantitative studies establish that, about 44% of the 
silk cuticular waxes are unsaturated hydrocarbons (both alkenes and dienes) and saturated 
hydrocarbons account for 48% of this wax (Table 1). Examination of total ion 
chromatogram (TIC) of the silk cuticular waxes reveals that these constituents are a 
homologous series of compounds with different carbon chain lengths (Figure 1). These 
hydrocarbons are of odd-numbered chain lengths and in the case of the saturated 
hydrocarbons, they are in the range of 19 to 33 carbon chain lengths, while the unsaturated 
hydrocarbons range from 23 to 33 carbons (Figurel and Table 2). Nonacosane (C29) is the 
major wax constituent in silk cuticular waxes, which accounts for 22% of the wax load. 
Among the alkenes, 4-nonacosene is the most abundant alkene (10% of wax load). Dienes 
are minor constituents among these cuticular waxes, with 6,9-heptacosadiene being the most 
abundant, accounting for 1% of the wax . 
HPLC and GCMS analyses indicate that cuticular waxes of silk also contain two 
other sets of constituents, which together account for about 8% of the wax load (Figure 2). 
These were identified as ketones and aldehydes. All the ketones are methyl ketones, and both 
saturated and unsaturated ketones occuring. The chain lengths of the saturated ketones range 
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between 19 and 31 carbons and in the case of unsaturated ketones they are in the range of 25 
to 31 carbons. In contrast to the hydrocarbons and ketones, which are all of chain lengths 
with odd-number of carbon atoms, the aldehydes that occur in this wax (both saturated and 
unsaturated) are of even number of carbon atoms, with chain lengths of 26, 28 and 30 
carbons. 
Identification of novel unsaturated compounds in silk cuticular waxes 
Identification of the positions of the double bonds in the unsaturated compounds was 
performed by mass-spectrometric analysis of dimethyl disulfide adducts. Electrical ionization 
mass spectrometry of these adducts generated fingerprint ions from which the position of the 
double bonds could be deduced. As illustrated in Figure 3, the m/z values of fragmentation 
ions identified the positions of the double bonds in the three isomers of nonacosene. Each of 
these isomers generated unique set of daughter ions which lead to the identification of the 
double bond at the 4-, 6- and 9-carbon position. Thus, these analyses established that silk 
waxes contained 4-nonacosene, 6-nonacosene and 9-nonacosene. Identical analyses also 
established the occurrence of a homologous series of 4-, 6-, and 9-alkenes of 23, 25, 27, and 
29 carbon chain lengths. 
Dimethyl disulfide adducts of dienes generated more complex mass spectral fingerprints. 
However, as illustrated in Figure 4, for the 29-carbon dienes, two isomers were identified; a 
6,9- and 9,12-diene. More extensive analyses established that waxes of silk contain 
homologous series of 6,9-, and 9,12-dienes, of 25, 27, 29, and 31 carbon chain lengths. 
Similar analyses were also conducted to identify the position of the double bonds in the 
unsaturated aldehydes that were found in waxes of silk. To conduct these analyses, the 
aldehyde pool was initially purified via HPLC, oxidized to the corresponding acid and 
methylated. The resulting fatty acid methyl esters were reacted with dimethyl disulfide and 
analyzed by GCMS. As illustrated in Figure 5, occurrence of 5-triacontenal was found as its 
72 
dimethyl disulfide adduct of methyl ester after derivatization of the oxidized aldehyde 
fraction. Similarly, we were able to identify 5-octacosenal, 5-triacontenal, 19-octacosenal, 
17-hexacosenal, 20-hexacosenal 19,22-octacosadienal and 16,19-octacosadienal. 
Biosynthetic origin of unsaturated hydrocarbons 
The products of de novo fatty acid biosynthesis are expected to be precursors for 
cuticular wax biosynthesis. Specifically, 16- and 18-carbon fatty acids are elongated by an 
endoplasmic reticulum localized fatty acid elongase system (7). The 20- to 34-carbon fatty 
acid products of elongation are thought to be further metabolized by one of three pathways: 
the reductive pathway, the decarbonylation pathway and the /3-keto acyl elongation pathway 
(13). The reductive pathway generates aldehydes, alcohols and esters; the decarbonylation 
pathway uses aldehydes to generate alkanes, secondary alcohols, and ketones; and the /3-keto 
acyl elongation pathway generates oxygenated products. To our knowledge, there is no 
established or proposed pathway to explain the biosynthesis of alkenes or dienes. 
The majority of silk cuticular wax constituents are products of the decarbonylation 
pathway i.e., alkanes. In this biosynthetic pathway, the immediate precursors of alkanes are 
aldehydes, which would undergo decarbonylation. Therefore, aldehydes can be considered as 
intermediates of both reductive and decarbonylation biosynthetic pathways. However, 
because no other products of the reductive biosynthetic pathway (alcohols or esters) are 
detectable in silk cuticular waxes, we hypothesize that, these aldehydes represent 
intermediates of the decarbonylation pathway. Moreover, the fact that the aldehyde pool 
contains unsaturated aldehydes indicates that the unsaturated hydrocarbons may be 
biosynthesized by a parallel decarbonylation pathway that utilizes unsaturated aldehydes as 
precursors of alkenes and dienes. To obtain additional evidence to support this supposition, 
we compared the positions of the carbon-carbon double bonds in the isolated alkenes, dienes 
and aldehydes. Three homologous serious of alkenes and two homologous serious of dienes 
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occur in the cuticular waxes of silk. These differ from each other by the position of the 
carbon-carbon double bonds in the hydrocarbon chains. The alkene series were unsaturated at 
the fourth, sixth and ninth carbons. Two homologous diene series were unsaturated at sixth 
and ninth carbons, and ninth and twelfth carbons. The biosynthetic origins of each of these 
alkenes and dienes are discussed relative to the hypothetical precursor unsaturated aldehydes 
and fatty acids. 
Proposed biosynthetic pathways 
4-alkene series: As illustrated in Figure 6, the decarbonylation of two unsaturated aldehydes 
(5-octacosenal or 24-octacosenal) could generate 4-heptacosene. The former aldehyde could 
be the product of reduction of the monounsaturated fatty acid, 5-octacosenoic acid, which 
could be generated by the sequential elongation of a saturated fatty acid (e.g., octadecanoic 
acid), followed by the A5 desaturation of octacosanoic acid (Pathway B, Figure 6). The 
alternative aldehyde-substrate for decarbonylation, 24-octacosenal, could be the product of 
the sequential elongation of the monounsaturated fatty acid, 14-octadecenoic acid (Pathway 
A, Figure 6), a rather uncommon fatty acid. Analysis of the unsaturated aldehydes present in 
silk waxes identified the presence of 5-octacosenal but not 24-octacosenal. Therefore, this 
finding supports the occurrence of Pathway B for the biosynthesis of 4-heptacosene. This 
pathway, which does not need to invoke the occurrence of the uncommon fatty acid, 14-
octadecenoic acid, begins with a saturated fatty acid that is first elongated, and then 
desaturated, probably by a A5-desaturase. The resulting 5-octacosenoic acid would then be 
reduced to the corresponding aldehyde, and finally decarbonylated to produce 4-heptacosene. 
It should be noted that the desaturation reaction in this pathway could also occur at 
the hexacosanoic acid level, in which case it would be a A3 desaturase. The resulting 3-
hexacosenoic acid would require one more elongation cycle prior to the reduction to the 
aldehyde. 
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This model can probably be discounted if we consider the potential biosynthesis of 4-
alkenes of different chain lengths. For example, we can hypothesize that 4-nonacosene could 
be a product of decarbonylation of either 5-triacontanal or 26-triacontanal. Because we 
identified the presence of 5-triacontanal but not 26-triacontanal in silk cuticular waxes, we 
hypothesize that elongation of octadecanoic acid followed by the sequential desaturation at 
the A5 position, and reduction to its corresponding aldehyde generates the precursor of 4-
nonacosene. 
Hence we hypothesize that the series of alkenes containing a double bond at the 
fourth position are synthesized by a pathway that involves the elongation of a saturated fatty 
acid, which is first desaturated at the fifth position prior to reduction and decarbonylation. 
9-alkene series: As Figure 7 illustrates, the decarbonylation of either 10-octacosenal or 19-
octacosenal would generate 9-heptacosene. These two aldehydes could be products of 
pathways, which elongate either stearic acid (Pathway A, Figure 7) or oleic acid (Pathway B, 
Figure 7) and subsequently reduce the resulting acids to the corresponding aldehydes. 
However, the former pathway would require an additional reaction of a A10 desaturase to 
generate the double bond at the tenth carbon (Pathway A, Figure 7). Our analyses of silk 
cuticular waxes revealed the occurrence of 19-octacosenal but not the 10-octacosenal. Thus, 
9-heptacosene is probably the product of a pathway that begins with unsaturated fatty acid 
(oleic acid) which is sequentially elongated, reduced and decarbonylated (Pathway B, Figure 
7). Moreover, the sequential reduction and decarbonylation of an intermediate of this 
pathway (17-hexacosenoic acid) would generate 9-pentacosene; and our analyses identified 
17-hexacosenal in silk waxes which is the predicted aldehyde precursor of this alkene. 
Hence, we hypothesize that the 9-alkene series of hydrocarbons are products of 
pathway that begins with a common unsaturated fatty acid (oleic acid) which is sequentially 
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elongated, reduced and decarbonylated to generate the series of 9-alkenes of 23 to 31 carbon 
chain lengths. 
6-alkenes series: As illustrated in Figure 8, in the case of 6-pentacosene, the decarbonylation 
of 20-hexacosenal or 7-hexacosenal could generate this alkene. The latter aldehyde could be 
the product of the reduction of the monounsaturated fatty acid, 7-hexacosenoic acid, which 
could be generated by the sequential elongation of a saturated fatty acid (e.g., stearic acid), 
followed by the A7 desaturation of hexacosanoic acid (Pathway A, Figure 8). The alternative 
aldehyde-substrate for decarbonylation, 20-hexacosenal, could be the product of the 
sequential elongation of the monounsaturated fatty acid, 12-octadecenoic acid (Pathway B, 
Figure 8). Analysis of the unsaturated aldehydes present in silk waxes identified the 
presence of 20-hexacosenal, but not 7-hexacosenal, which supports the occurrence of 
Pathway B for the biosynthesis of 6-pentacosene. 
Hence, we hypothesize that the 6-alkene series of hydrocarbons are products of a 
pathway that requires fatty acid elongation of an unsaturated fatty acid (specifically 12-
octadecenoic acid) followed by reduction and decarbonylation. 
Proposed biosynthetic pathways for dienes 
Silk waxes contain two sets of dienes, which could also originate via the sequential 
reduction/decarbonylation of elongated fatty acids. As with the alkene series, carbon-carbon 
double bonds could be introduced into the acyl chain either before or after elongation. 
Figures 9 and 10 illustrate the potential pathways for the biosynthesis of 9,12- and 6,9-diene 
series, respectively. 
9,12-Heptacosadiene could be a product of decarbonylation of either 10,13-
octacosadienal or 16,19-octacosadienal (Figure 9). The former unsaturated aldehyde could 
be produced by the reduction of 10,13-octacosadienoic acid, which could potentially 
originate by the sequential elongation of a saturated fatty acid, (e.g. octadecanoic acid), 
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followed by desaturation; these desaturation reactions could occur following any one of the 
elongation reactions, but would require desaturases with a specificity for desaturating at the 
co-15 and co-18 positions (Pathway A, Figure 9, which shows these reactions occurring on the 
28-carbon fatty acid). The alternative aldehyde substrate for the decarbonylation reaction, 
16,19-octacosadienal, could be the product of the sequential elongation of the diunsaturated 
fatty acid, 6,9-octadecadienoic acid (Pathway B, Figure 9). Analyses of silk cuticular waxes 
reveal the presence of 16,19-octacosadienal but not 10,13-octacosadienal, which supports the 
hypothesis that the 9,12-diene series are produced by a pathway that elongates the 
unsaturated fatty acids, 6,9-octadecadienoic acid. 
Finally, Figure 10 illustrates the two pathways that could generate the 6,9-diene series. 
For example, two potential unsaturated aldehydes, may be the direct precursor of 6,9-
heptacosadiene, namely 19,22-octadocosadienal or 7,10-octadocosadienal. Because our 
analyses of the aldehyde fraction of silk waxes identified the occurrence of 19,22-
octadocosadienal, but not 7,10-octadocosadienal, we hypothesize that this set of dienes are 
biosynthesized by Pathway B (Figure 10), which involves the elongation of linoleic acid, 
followed by sequential reduction and decarbonylation, and not Pathway A (Figure 10). 
In summary, our analyses of the unsaturated aldehydes that are the probable immediate 
precursors of alkenes and dienes, indicate that these unsaturated hydrocarbons are 
biosynthesized by a combanitorial pathway that either first desaturates fatty acids and 
subsequently elongates the unsaturated products, or first elongates saturated fatty acids and 
then desaturates the resulting products (Figure 11). Specifically, the 4-alkene set of 
hydrocarbons appear to be derived from a pathway that elongates saturated fatty acids, which 
are then acted on by a A5 fatty acid desaturase. The resulting monounsaturated fatty acids are 
then reduced to the corresponding aldehydes and then decarbonylated to generate the 4-
alkene series. In contrast the 6-alkene, 9-alkene, 6,9-diene and 9,12-diene series of 
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unsaturated hydrocarbons would be generated by pathways that elongate unsaturated fatty 
acids (18:2A12, oleic acid, linoleic acid, and 18:2A6'9, respectively), which are subsequently 
reduced and decarbonylated. 
Fatty acids of silk lipids 
These potential alkene and diene biosynthetic pathways are based on the occurrence of 
specific unsaturated aldehydes in the cuticular waxes of silks. Moreover, these pathways 
predict the incidence of specific precursor fatty acids, these being oleic acid, linoleic acid, 
18:1A6, 18:1A12, and 18:2A6'9. Both oleic (18:1A9) and linoleic (18:2A9,12)acids commonly 
occur in maize tissues, however, the occurrence of 18:1A6, 18:1A12, and 18:2A6,9 is rather 
uncommon and prior analyses of maize lipids have not detected these fatty acids at 
significant levels (14). Moreover, none of these fatty acids (nor any fatty acids) were found 
in isolated waxes of silk. Therefore, we analyzed the fatty acid composition of silks. 
These analyses were conducted using two different procedures that together 
distinguish separate fatty acid pools. One of these procedures analyzes the esterified fatty 
acids associated with chloroform soluble lipids extracted by a commonly used lipid 
extraction procedure (12). The other procedure first subjects the tissue to base-hydrolysis, 
and subsequently the released fatty acids are recovered and analyzed. The first procedure 
does not recover fatty acids that are associated with chloroform-insoluble molecules (i.e., 
lipid polymers such as cutin and suberin), nor does it recover fatty acids that are involved in 
amide bonds (e.g., sphingolopids). The second procedure is more inclusive and recovers all 
the fatty acids that are excluded by the first procedure. 
Table 3 presents the fatty acid composition of silks as determined by these two 
procedures. As may be expected, the base-hydrolysis method recovers twice the yield of 
fatty acids as compared to the chloroform soluble lipids. Moreover, in addition to the 
"normal" complement of fatty acids that are found in plants, and specially maize tissues (i.e., 
78 
16:0, 18:0, 18:1A9, 18:2A9'12, and 18:2A9,12,15), these analyses revealed the occurrence of the 
precursor fatty acids that would be predicted for the biosynthesis of the unsaturated 
hydrocarbons (i.e., 18:1A6, 18:1A12 and 18:2A6,9). Most interestingly, these uncommon fatty 
acids are recovered either exclusively (18:1A6 and 18:1A12) or predominantly (18:2A ' ) in the 
base-hydrolyzed fraction. This finding indicates that the precursor fatty acids required for 
alkene and diene biosynthesis are associated with molecules that are not with the bulk ester-
lipid fraction that is recovered by a standard extraction by an organic solvent. Moreover, 
because these fatty acids are recovered in a fraction that contains the cutin-derived fatty 
acids, this finding opens the possibility that the precursors for the biosynthesis of these 
unsaturated hydrocarbons are in common with the precursors of this lipid polymer. Another 
intriguing possibility is that cutin-derived fatty acids serve as the precursor pool for the 
biosynthetis of the alkenes and dienes. However, such a model presents a dilemma, in that 
cutin is extracellular, and the metabolic processes that lead to cuticular wax biosynthesis are 
thought to be associated with the endoplasmic reticulum membranes. This is particularly the 
case with the generation of the diunsaturated fatty acids that are precursors of the dienes (i.e., 
18:2A6,9 and 18:2A9'12), which may require the action of a FAD2-type desaturase that occur 
uses phosphatidylcholine as its substrate, and it is thought to be associated with endoplasmic 
reticulum membranes (15). Obviously, there is a lot to still to understand concerning the 
biosynthesis of these unusual hydrocarbons. 
Finally, these fatty acid analyses also reveal the occurrence of other rather unusual fatty 
acids that have not previously been identified at significant levels in maize tissue, and these 
are predominantly recovered in the base-hydrolyzed fraction. These fatty acids include 
elongated saturated fatty acids (20:0, 22:0, 24:0), monounsaturated fatty acids (16:1 A9, 
18:1 A11), diunsaturated fatty acids and polyunsaturated fatty acids (18:2A12,15, 18:3A6'9'12 [y-
linolenic acid], and a trienoic fatty acid whose structure has not been determined). These 
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fatty acids may be uniquely associated with the silk organ, whose function as a receptacle for 
pollination is unique to grasses and has not been well characterized. 
Conclusions 
This study has identified a convenient system (maize silks) for elucidating the 
molecular details of the biosynthesis of such simple hydrocarbons as alkanes and alkenes. 
This system is convenient because maize silk is a discreet organ that can be readily harvested 
in large quantities required for biochemical and molecular studies. Moreover, silks appear to 
actively biosynthesize these hydrocarbons over a small interval of time to relatively large 
quantities, and the availability of an extensive collection of glossy mutants (16) provides the 
potential of combining molecular and genetic studies to decipher the details of hydrocarbon 
biosynthesis. 
We have hypothesized a potential pathway for the biosynthesis of these hydrocarbons 
based upon the supposition that such molecules are products of a decarbonylation reaction 
that appears to occur in plant systems and converts aldehydes to alkanes (10). The 
combinatorial nature of the proposed biosynthetic pathway was deduced based upon the 
detection of the precursors and intermediates of the pathway. Specifically, unsaturated 
aldehyde-substrates of a decarbonylase that would generate the specific alkene products of 
the pathway were identified. This led to predictions of specific precursor fatty acids that 
could either be elongated and subsequently desaturated or desaturated prior to elongation. 
The detection of these precursor fatty acids in the lipids of silks further substantiates the 
occurrence of the hypothesized pathways for generating the collection of alkenes that occur 
on silks. 
The predicted alkene biosynthetic pathway requires the action of unique enzymology 
that is relatively rare in the biosphere. Therefore to date, many of these enzymes have not 
been structurally characterized. For example, this pathway requires fatty acid elongase(s) 
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that can elongate either saturated or unsaturated fatty acids. To date such elongases are only 
partially characterized, in that three of the proposed four catalytic subunits have been 
molecularly cloned (17-23). In addition, this pathway requires the action of a fatty acyl 
reductase that probably acts on fatty acyl-CoAs to produce the aldehyde substrates for the 
decarbonylation reactions; such an enzyme has as yet not been characterized. Further, 
although the CER1 gene of Arabidopsis has been putatively identified as coding for aldehyde 
decarboxylase (24) subsequent characterization of homologous genes, such as the glossy 1 
gene of maize (25) and the WAX2 (26) and YORE-YORE (27) genes of Arabidopsis, throw 
doubts on that prediction. Other novel enzymology that is required in the proposed alkene 
biosynthetic pathway are fatty acid desaturases that act on saturated fatty acids at the A5 
position, and those that act on monounsaturated fatty acids at either the A6 or A9 positions. 
Finally, the current emphasis of biological research is focused on the discovery of 
new processes starting from the tremendous wealth of genomics data that has accumulated 
over the past decade. However, this study breaks with this current paradigm of functional 
genomics in that it has revealed the structure of a novel biochemical process, which is now 
ripe for validation by the identification of the enzymes (and genes) that are involved in 
catalyzing the reactions of the proposed pathway. In this instance, the tools of modern 
functional genomics will likely enhance this process of enzyme and gene discovery. 
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Table 1. Chemical composition of maize cuticular waxes 
Chemical class mole%a 
alkanes 
alkenes 
methyl ketones 
unsaturated methyl ketones 
dienes 
saturated aldehydes 
unsaturated aldehydes 
48 ± 5 
44 + 7 
6 ± 1 
1.7 ±0.5 
0.26 ± 0.03 
0.18 ±0.03 
0.05 ±0.01 
Average value of three independent determinations ± standard deviation. 
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Table 2. Composition of silk hydrocarbons3 
Compound mole% 
heneicosane 0.59 + 0.05 
tricosane 
4-tricosene 
6-tricosene 
9-tricosene 
6.15 ±1.23 
0.29 ± 0.09 
trace 
0.185 + 0.008 
pentacosane 
4-pentacosene 
6-pentacosene 
9-pentacosene 
6,9-pentacosadiene 
heptacosane 
4-heptacosene 
9-heptacosene 
6,9-heptacosadiene 
6.96 ±2.13 
2.96 ±0.93 
0.043 ± 0.003 
3.12 ±1.02 
0.44 ± 0.06 
12.86 ±1.93 
3.53 ±0.88 
2.02 ± 0.97 
1.03 + 0.03 
9,12-heptacosadiene 0.045 ± 0.007 
nonacosane 
4-nonacosene 
6-nonacosene 
9-nonacosene 
6,9-nonacosadiene 
9,12-nonacosadiene 
21.75 ±3.08 
9.56 ±1.92 
3.12 ±0.94 
1.16 ±0.44 
0.19 ±0.03 
trace 
triacontane 
4-triacontene 
6-triacontene 
9-triacontene 
9,12-triacontadiene 
9.94 ±1.02 
0.771 ± 0.004 
0.561 ±0.005 
4.02 ±1.01 
trace 
aDiversity of hydrocarbons found in silk cuticular wax as determined based on GCMS analyses. 
Mole% was calculated based on the total cuticular wax load. 
Average value of three independent analyses ± standard deviation. 
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Table 3. Fatty acid composition of maize silk lipids 
Fatty acid umole/g fresh weighta 
chloroform-soluble lipids base hydrolysis 
hexadecanoic acid (16:0) 
octadecanoic acid (18:0) 
eicosanoic acid (20:0) 
docosanoic acid (22:0) 
tetracosanoic acid (24:0) 
9-hexadecenoic acid (16:1 A9) 
12-octadecenoic acid (18:1A ) 
11-octadecenoic acid (18:1AU) 
6-octadecenoic acid (18:1 A6) 
9-octadecenoic acid (18:1 A9) 
9,12-octadecadienoic acid (18:2A9'12) 
12 15 
12,15-octadecadienoic acid (18:2A ' ) 
6,9-octadecadienoic acid (18:2A6'9) 
22.2 + 4.1 
3.5 ±0.7 
1.24 ±0.08 
4.4 ± 0.5 
6.9 ±1.1 
2.1 ±0.3 
N.D.b 
N.D.b 
N.D.b 
9.4± 1.1 
36.9 ±2.3 
1.0 ±0.3 
5.0 ±0.3 
53.7 ±5.8 
7.6 ±1.1 
2.9 ±0.7 
6.8 ±1.4 
6.8 ±1.8 
3.5 ±0.9 
6.2 ± 0.8 
29.2 ±3.2 
0.35 ±0.1 
25.3 ±4.8 
33.5 ±4.7 
4.7 ±1.2 
11.3 ±2.1 
6,9,12-octadecatrienoic acid (18:3A6,9,12) N.D.b 5.5 ± 1.2 
9,12,15-octadecatrienoicacid(18:3A9'12'15) 6.1 ±0.9 20.9 ±5.3 
x,y,z-octadecatrienoic acid (18:3Ax,y'z) 2.03 ± 0.09 4.2 ± 0.8 
Total fatty acids 100.7 ± 18.2 222.5 ± 26.3 
Average value of three independent lipid extractions ± standard deviation. 
.D. = Not Detected; below the detection limit of 1 pmole/g fresh weight. 
86 
3UB>(|B ££ J 
saua^iB K 3 
^ 
S3U3ip E£ J 
anB^jB u-j 
saua^jB I £ j 
3UB>IIB 6 Z 3 
sanoja^ pajEjnjBsun 
ON 
* 
* 
S3U3>|IB 6l-J 
3UBJIIB Ll/J 
saaaip ""-3 
sanoja^i pajBJiijBsun 
3UOJ35f a 3 
ON 
S3U3JJIB 
3UB?J[B S z 3 
3lIO}3>| H 3 , 
s3uoja>| pajBjnjBsun J ^ 
m 
S3U95JIB S Z 3 
30B^1B " 3 
auo*3>i " 3 
s3uop>i pajBjnjBsnn J 
s3ua>[[B " 3 
3QO)3>[ 
3UB5JIB u 3 . 
3UOJ35J 6 l J , 
ON 
(M 
CM 
87 
o 
> 
hydrocarbons 
aldehydes
 k e t 0 
10 15 20 
Time (min) 
25 
Figure 2. HPLC separation of maize silk cuticular waxes. 
Extracted cuticular waxes from silk as described in Methods, were subjected to 
HPLC separation and detected with evaporative light scattering detector. 
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Figure 11. Potential pathways for the biosynthesis of unsaturated hydrocarbons in silk 
cuticular waxes. 
Five different pathways were postulated based on the unsaturated aldehyde discovered in the 
silk cuticular waxes. UFA = unsaturated fatty acid; UAL = unsaturated aldehyde. 
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CHAPTER 4. CHARACTERIZATION OF TWO GL8 PARALOGS REVEALS THAT 
THE 3-KETOACYL REDUCTASE COMPONENT OF FATTY ACID ELONGASE IS 
ESSENTIAL FOR MAIZE (Zea mays L.) DEVELOPMENT 
A paper published in The Plant Journal 
Charles R. Dietrich,1'* M. Ann D. N. Perera,2' Marna Yandeau,1 Robert B. Meeley,3 
Basil J. Nikolau,2 and Patrick S. Schnable1 
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Department of Genetics, Development and Cell Biology, Department of Biochemistry, 
Biophysics and Molecular Biology, Iowa State University, Ames, IA 50011, Pioneer Hi-
Bred International, Inc. Johnston, IA 
Current address: Donald Danforth Plant Science Center, 975 North Warson Road, St. Louis, 
MO 63132 
Summary 
Prior analyses established that the maize (Zea mays L.) gl8a gene encodes 3-ketoacyl 
reductase, a component of the fatty acid elongase required for the biosynthesis of very long 
chain fatty acids (VLCFAs). A paralogous gene, gl8b, has been identified that is 96% 
identical to gl8a. The gl8a and gl8b genes map to syntenic chromosomal regions, have 
similar expression patterns, and encode proteins that are 97% identical. Both of these genes 
are required for the normal accumulation of cuticular waxes on seedling leaves. The 
chemical compositions of the cuticular waxes from gl8a and gl8b mutants indicate that these 
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genes have at least overlapping, if not redundant, functions in cuticular wax biosynthesis. 
Although gl8a and gl8b double mutant kernels have endosperms that can not be 
distinguished from wild-type siblings, these kernels are nonviable because their embryos fail 
to undergo normal development. Double mutant kernels accumulate substantially reduced 
levels of VLCFAs. VLCFAs are components of a variety of compounds, e.g., cuticular 
waxes, cutin, suberin, and sphingolipids. Consistent with the essential nature of 
sphingolipids in yeast, the accumulation of this class of VLCFA-containing compounds is 
also substantially reduced in gl8a and gl8b double mutant kernels. Hence, we hypothesize 
that sphingolipids or other VLCFA-containing compounds are essential for normal embryo 
development. 
Introduction 
Fatty acids with chains lengths of 20 or more carbons are referred to as very long 
chain fatty acids (VLCFAs). VLCFAs are components of various lipids whose accumulation 
is developmentally and spatially regulated. For example, VLCFAs are components of the 
waxes and cutin that comprise the cuticle that covers aerial plant surfaces; of suberin, which 
accumulates in roots, xylem, and bark, and in response to wounding; and of the sphingo lipid 
portion of plasma membranes. Finally, in seeds of certain species (particularly of the 
Brassicaceae) VLCFAs are incorporated into the triacylglycerol molecules that form the seed 
oil. 
VLCFAs are biosynthesized by an endoplasmic reticulum (ER) associated enzyme 
system, referred to as fatty acid elongase (von Wettstein-Knowles, 1982). Fatty acid 
elongase generates VLCFAs by elongating 18C fatty acids generated by the plastidic de novo 
fatty acid biosynthetic machinery. The enzymatic mechanism of fatty acid elongation is 
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believed to be analogous to that of de novo fatty acid synthesis, in that both involve cyclic 
reactions of ketoacyl synthesis, 3-ketoacyl reduction, 3-hydroxyacyl dehydration, and enoyl 
reduction (Fehling and Mukherjee, 1991). However, the insoluble nature of the fatty acid 
elongase system has hampered efforts to purify the system and to identify the genes that 
encode the component proteins. 
In contrast, the characterization of mutants defective in VLCFA biosynthesis (James 
et al, 1995) or the accumulation of cuticular waxes (Schnable et al, 1994) has resulted in the 
isolation of three enzyme components of fatty acid elongase. Specifically, characterization 
of the fael and cer6 mutants of Arabidopsis resulted in the isolation of genes encoding the 
ketoacyl-CoA synthase (KCS) (James et al, 1995; Todd et al, 1999; Millar et al, 1999; 
Fiebig et al, 2000; Lassner et al, 1996; Barret et al, 1998) component of the fatty acid 
elongase. Similarly, molecular characterization of the maize gl8 mutant resulted in the 
identification of the second component of the fatty acid elongase, which catalyzes the 3-
ketoacyl reductase reaction (Xu et al, 1997; 2002). A gene encoding this enzyme has also 
been identified in Arabidopsis by DNA sequence similarity (Xu et al, 1997) and 
subsequently shown to complement a yeast mutant that lacks 3-ketoacyl reductase activity 
(Beaudoin et al, 2002). More recently, the enoyl reductase component of the fatty acid 
elongase has also been isolated (Gable et al., 2004; Kohlwein et al., 2001). Genes encoding 
the remaining component have not yet been identified. 
The cuticle is composed of the polymer cutin and a mixture of VLCFA-derived 
compounds commonly termed the cuticular waxes. Some of the cuticular waxes are 
embedded within the cutin. Others, the epicuticular waxes, are crystal-like structures visible 
on the surface of the cuticle. The cuticle of plants limits non-stomatal water loss (Martin and 
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Juniper, 1970; Kolattukudy, 1981) and is thought to provide protection from UV radiation 
(Reicosky and Hanover, 1978) and various pathogens (Kolattukudy, 1987; Jenks et al, 
1994). In addition, the cuticle functions in pollen-stigma (Preuss et al, 1993) and plant-
insect interactions (Eigenbrode and Shelton, 1990; Eigenbrode and Espelie, 1995). 
Because mutants defective in the normal accumulation of cuticular waxes present a 
characteristic shiny or glossy appearance, they are readily identifiable (Schnable et al., 1994) 
and have the potential of providing detailed insights into the function of this protective, lipid-
based outer layer of plants. Furthermore, characterization of such mutants provides insights 
into the biosynthesis of the VLCFA-derived cuticular waxes. Chemical analyses of cuticular 
waxes isolated from such mutants, in addition to studies of the effects of inhibitors of 
cuticular wax biosynthesis and radiotracer studies, have been interpreted to indicate that 
plants contain at least three distinct pathways leading to the biosynthesis of cuticular waxes: 
the decarbonylation, reduction, and 3-ketoacyl-elongation pathways (reviewed by Post-
Beittenmiller, 1996; von Wettstein-Knowles, 1993). The decarbonylation pathway produces 
alkanes and ketones with odd-numbered carbon chain lengths; the reduction pathway 
produces alcohols, aldehydes and esters; and the 3-ketoacyl-elongation pathway produces a 
variety of oxygenated hydrocarbons. The contributions of each pathway to the final cuticular 
wax load vary among organs and species. 
Although individual biochemical steps required in the biosynthesis of cuticular waxes 
have been elucidated, the details of the three pathways and their inter-relationships are not 
well understood. For example, it is not clear whether a single or multiple fatty acid elongases 
generate the VLCFAs that are the precursors for each pathway. The finding that the 
Arabidopsis genome contains at least 21 genes that code for KCS (Beisson et al., 2003; 
101 
Trenkamp et al., 2004) and more than a dozen KCS homo logs have been identified and 
mapped in maize (Dietrich et al, unpublished data) suggests that multiple fatty acid 
elongases may exist in plants. These results are consistent with the findings that at least three 
fatty acid elongase-containing preparations with different substrate or co-factor requirements 
have been partially purified from various membrane extracts (Domergue at al., 1998; 1999; 
Lessire et al, 1985). 
This study reports the isolation and characterization of two paralogous maize genes 
that encode 3-ketoacyl reductase (KCR). These genes have been termed gl8a and gl8b (the 
"original" gl8 gene cloned by Xu et al. (1997) is now referred to as gl8a). A reverse genetic 
approach was taken to isolate a mutant of gl8b. Analysis ofgl8a and gl8b single mutants and 
gl8a, gl8b double mutants establish that the 3-ketoacyl reductase component of fatty acid 
elongase is essential for normal maize development and that the two genes have at least 
overlapping, if not identical, functions. 
Results 
Isolation of a gl8 paralog 
Based on findings that will be presented in this manuscript, the maize gl8 locus, 
which was initially identified by a mutation that caused a reduction in the accumulation of 
epicuticular waxes on the seedling leaves (Emerson et al, 1935), will henceforward be 
referred to as gl8a. This gene was cloned by identifying a Mu8 transposon that co-segregated 
with the glossy phenotype in a stock segregating for the gl8a-Mu 88-3142 allele (Xu et al, 
1997). The sequence of a 6.8-kb Hindlll fragment from the B73 gl8a genomic clone D1512-
38 and of an apparently full-length gl8a cDNA (pgl8) have been reported previously 
(GenBank accessions AF302098 and U89509). 
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RNA gel-blot experiments revealed that seedlings homozygous for gl8a-ref or gl8a-
Mu 88-3142 accumulate less gl8a-hybridizing mRNA than do normal seedlings (Xu et al, 
1997). More recently, RNA gel-blot experiments established that multiple gl8a alleles that 
contain Mu insertions within their coding regions also accumulate detectable levels of the 
gl8a mRNA (Figure 1). The 1.4-kb g/Sa-hybridizing mRNA that is detectable in these 
mutant seedlings may be the consequence of somatic excision events that occur frequently in 
Mu insertion alleles (Doseff et al, 1991). To test the hypothesis that this mRNA is derived 
from the gl8a gene, gel blot analyses were conducted on RNA isolated from seedlings 
homozygous for a deletion of the entire gl8a locus, gl8a-Mu 91gl59 (Dietrich et al, 2002). 
As shown in Figure 1, the g7&z-hybridizing mRNA is detected in seedlings homozygous for 
this deletion of the gl8a gene. This result demonstrates that the maize genome contains a 
gene that cross-hybridizes to gl8a and that is expressed in seedlings that lack a functional 
copy of gl8a. 
This duplicate gene was cloned during the molecular characterization of the gl8a 
gene. Efforts to isolate a gl8a cDNA resulted in the isolation of two distinct classes of gl8a-
hybridizing cDNAs that have nearly identical DNA sequences but that exhibit a few DNA 
sequence polymorphisms relative to each other and to the gl8a genomic clone XI512-3 8 (Xu 
et al, 1997 and unpublished data). For example, although some gl8a cDNA clones (viz., the 
0.8-kb partial cDNA clone, p88m, and the 1.4-kb apparently full-length cDNA clone, pgl8) 
are identical in sequence to the genomic clone XI512-38, a second class of cDNA clones 
(viz., the partial 1.0- and 0.5-kb g7&z-hybridizing cDNA clones, 1746-10 and 3-1, 
respectively) contain several single nucleotide polymorphisms (SNPs) and a 10-nt deletion in 
their 3' UTRs relative to the gl8a cDNA and genomic sequences. 
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The isolation of a g/Sa-hybridizing B73 genomic clone (X.5-1-1) that exhibited 
the sequence polymorphisms that distinguish clones 1746-10 and 3-1 from the gl8a cDNA 
clones and the gl8a genomic clone established the existence of the gl8b gene. Sequence 
analysis of a 7.2-kb region of clone A.5-1-1 (GenBank accession AF527771) revealed that the 
gl8a and gl8b genes have conserved gene structures including absolute conservation of their 
intron/exon borders (Figure 2). The differences in the sequences of the two genes are largely 
a consequence of the presence of SNPs and small insertion/deletion polymorphisms (IDPs) 
ranging in size from one to 35 nt. The protein-coding regions exhibit 96% nucleotide 
identity while their introns exhibit approximately 85% nucleotide identity. The 3' UTRs are 
92% identical with a 10-nt IDP accounting for the largest difference. In contrast, significant 
differences exist between the 5' UTRs and the non-transcribed regions of the two genes. 
Based on the apparently full-length gl8a cDNA (Xu et al, 1997), the 5' UTR of gl8a is at 
least 130 nt in length. In contrast, 5' RACE experiments indicate that the 5' UTR of gl8b is 
only between 30 and 36 nt in length. Excluding the four nt immediately 5' of the start codon, 
no regions of sequence identity are detected in GCG BESTFIT or DOTPLOT alignments 
between the regions of gl8a and gl8b 5'of their start codons. Sequence identity also 
deteriorates rapidly downstream of the 3' UTRs of these paralogs. 
A region of the genomic clone A-5-1-1 specific to the gl8b gene (probe IAS 12, Figure 
2) was PCR amplified and used as an RFLP probe in DNA gel blot experiments. 
Hybridization to the recombinant inbreds developed by Burr and Burr (1991) established that 
gl8b maps to chromosome 4L, 0.6 cM from RFLP marker bnl7.20. In contrast, the gl8a gene 
maps to chromosome 5L tightly linked (<1 cM) to the/»r gene (Coe, 1993; Stinard and 
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Schnable, 1993). Chromosomes 4L and 5L are syntenic (Devos and Gale, 1997) suggesting 
that gl8a and gl8b are paralogs. 
g/5-encoded proteins 
The gl8a and gl8b genes are both predicted to encode 326 amino acid proteins that 
are 97% identical with only 11 amino acid differences. Both proteins exhibit sequence 
similarity to a large class of keto-reductases (Xu et al, 1997) that have a signature pattern of 
conserved Tyr and Lys residues that are thought to be important for catalytic activity (Ensor 
and Tai, 1991). N-terminal signal peptides with predicted cleavage sites on the carboxyl side 
of positions 34 and 32 for GL8A and GL8B, respectively, were detected by SignalP (Nielsen 
et al, 1997). Both proteins are predicted by PSORT (Nakai and Kanehisa, 1992) a single 
transmembrane domain spanning residues 71 to 87 and a cytoplasmic C-terminus. PSORT 
and TargetP (Emanuelsson et al, 2000) predict these proteins are localized to the secretory 
pathway. The Lys residues at positions -3, -4, and -5 from the carboxyl terminus suggest that 
GL8A and GL8B are endoplasmic reticulum (ER) proteins (Jackson et al, 1990; Andersson 
et al, 1999). Indeed, subcellular localization experiments using polyclonal antibodies raised 
against the C-terminal 76 amino acids of a recombinant GL8A protein have confirmed that 
these proteins are localized to the ER (Xu et al, 2002). The biochemical function of GL8 as 
the 3-ketoacyl reductase component of the acyl-CoA elongase was experimentally 
demonstrated by immuno-inhibition studies (Xu et al, 2002). 
Isolation of a gl8b mutant 
As discussed above, RNA-gel blot analyses indicate that gl8b mRNA accumulates to 
detectable levels in both normal and gl8a mutant seedlings (Figure 1). In addition, western 
analyses conducted with polyclonal antibodies raised against recombinant GL8A detect this 
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protein in microsomal extracts from seedlings homozygous for a gl8a mutant (data not 
shown). These data, in conjunction with the glossy phenotype associated with gl8a 
mutations, indicate that gl8b cannot substitute for gl8a mutations in epicuticular wax 
biosynthesis even though the GL8B protein accumulates in seedling leaves and is 97% 
identical to GL8A. 
To determine the role of gl8b a reverse genetic approach was used to identify a 
mutant allele of this gene. The Trait Utility System for Corn (TUSC) (Bensen et ah, 1995) 
was used to screen a large population of plants generated from active Mu stocks to identify 
individuals that carried a Mu insertion in the gl8b gene. A Mu insertion allele, gl8b-Mu 
BT94-149, was identified via this approach, and sequence analyses established that it 
contains aMul insertion 140-bp downstream of the start codon in exon 1 (GenBank 
accession AF527772, Figure 2). 
F2 progeny carrying gl8b-Mu BT94-149 segregated 3:1 for lethal virescent seedlings. 
Genotyping of these F2 seedlings established that the virescent phenotype was due to an 
independent mutation in coupling with gl8b-Mu BT94-149 and located approximately 15 cM 
from gl8b. Plants homozygous for gl8b-Mu BT94-149 that carry at least one chromosome in 
which a crossover occurred between the virescent mutant and the gl8b locus do not have any 
obvious mutant phenotype at the seedling stage, viz., they are not glossy. In fact, it has not 
been possible to identify any visible morphological phenotype at any stage in plant 
development that is associated with homozygosity for gl8b-Mu BT94-149. However, SEM 
images of seedlings homozygous for the gl8b mutant from an F2 stock that is not segregating 
for the virescent mutation reveal either no difference or only a slight decrease in the number 
of epicuticular wax crystals relative to wild-type siblings from the same F2 family (Figure 3). 
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In contrast, SEMs of a seedling leaf at a similar stage from a plant homozygous for the gl8a-
Mu 88-3142 allele reveal the surface is nearly devoid of epicuticular wax crystals (Figure 3). 
Chemical analysis of cuticular waxes 
The chemical composition of the cuticular waxes from leaves of seedlings of the 
wild-type inbred B73, and seedlings homozygous for gl8b-Mu BT94-149 or gl8a-Mu 77-
3134 were determined by GCMS. The major components of the cuticular wax of wild-type 
(B73) seedling leaves are C32 fatty acid derivatives, namely C32 alcohols and C32 
aldehydes, which together account for about 91% of the wax (Figure 4; Appendix C, Tables 
4.1-4.2). The difference between this composition and that reported previously (Bianchi et 
ah, 1979; 1985) is primarily in the ester fraction, which accounts for less than 1% of the wax 
in our studies (Figure 4; Appendix C, Tables 4.1 and 4.2), but 15% of the wax from the 
inbred Wf9. We have confirmed that this difference is due to the different genetic 
backgrounds used in these two studies (Perera et ah, unpublished data). 
Seedlings homozygous for gl8a or gl8b mutants accumulate cuticular waxes to levels 
of only 5% and 50% of those that accumulate on wild-type seedlings, respectively (Figure 
4A). When compared to the wild-type control, the inbred B73, the carbon chain lengths of 
the cuticular wax components are significantly shorter in gl8a mutants, but are less affected 
in gl8b mutants (Figure 4D; Appendix C, Table 4.3). In the wild-type, 31- and 32-carbon 
components account for more than 95% of the cuticular waxes. These "fully" elongated 
components account for 83% of the cuticular waxes of the gl8b mutant. In contrast, in the 
gl8a mutant, only 35% of the cuticular wax components are derivatives of fully elongated 
fatty acids. Interestingly, in this mutant, but not gl8b, non-elongated (i.e., 12 to 18 carbons) 
fatty acid derivatives account for nearly 20% of the cuticular wax components. 
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In all three genotypes the predominant components are free alcohols and aldehydes. 
With the exception of the esters and free fatty acids, the chemical compositions of the 
cuticular waxes on the gl8a and gl8b mutants, on a percentage basis, are not dramatically 
different than those of wild-type seedlings (Figure 4C, Appendix C, Table 4.1). 
Alcohols and alkanes are both derived from aldehydes. In the wild type the chain 
length distributions of the aldehyde and alcohol fractions are similar to each other but differ 
from that of the alkanes (Appendix C, Figures 4.1- 4.3). The aldehydes and alcohols consist 
primarily of 32 carbons, whereas a large proportion (i.e., -60%) of the alkanes contain 29 or 
fewer carbons. Although the distributions of the chain-lengths of the free alcohols and 
aldehydes differ between the gl8a and gl8b mutants, each mutant similarly affects the chain 
length distributions of these two cuticular wax components, in that shorter molecules 
accumulate in both mutants (compare Appendix C, Figures 4.1 and 4.2). Interestingly, the 
gl8a and gl8b mutations have less dramatic impacts on the chain length distributions of the 
alkanes (Appendix C, Figure 4.3). 
Here, we report the first identification of ketones in the cuticular waxes of maize 
seedling leaves; these are methyl ketones, with the carbonyl group situated on the second 
carbon atom of the molecule. These molecules account for only a small proportion of the 
cuticular waxes of wild-type seedlings (1%, Figure 4B-C). The accumulation of the ketones 
is dramatically reduced in the gl8a mutant, completely eliminated in the gl8b mutant. The 
carbon chain lengths of those ketones that do accumulate in the gl8a mutant are shorter than 
in the wild-type control (Appendix C, Figure 4.3; Table 4.1). 
When compared to wild-type, more esters accumulate in the gl8 mutants and this 
effect is especially pronounced in the gl8b mutant (Figure 4B-C; Appendix C, Table 4.2). 
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Both gl8 mutations also cause compositional changes in the ester fraction (Appendix C, 
Figure 4.6; Table 4.2). Namely, whereas esters of wild-type seedlings are predominantly of 
52 carbons (C-22 acid esterified to C-30 alcohol, and C-20 acid esterified to C-32 alcohol), in 
both gl8 mutations these C-52 esters are undetectable but are replaced by shorter esters of 
between C36 to C48. This shortening of the ester chain length is more pronounced in gl8b 
than in the gl8a (Appendix C, Figure 4.6; Table 4.2). The shortening of the carbon chains is 
primarily due to shortening of the esterified alcohol moiety. In fact, the effect of the gl8 
mutations on the chain lengths of the esterified alcohol moieties reflects the reduction in the 
chain length distribution of the free alcohol pool. In contrast, there is no direct relationship 
between the carbon chain length distribution of the free and esterified acid fractions 
(compare Appendix C, Figures 4.5 and 4.6). This is apparent in all three genotypes 
examined, even though the accumulation of free fatty acids is increased in one of the 
mutants, i.e., the gl8a mutant (Figure 4B-C). 
Expression patterns of gl8a and gl8b 
The high level of sequence identity in the coding regions of gl8a and gl8b and the 
small size of the gl8b 5' UTR makes it difficult to design probes that can distinguish between 
the transcripts from these two genes. This challenge was overcome by making use of the fact 
that RNA samples from gl8a mutant plants contain only gl8b mRNA and RNA samples from 
gl8b mutant plants contain only gl8a mRNA. Thus, it was possible to monitor the expression 
patterns of these genes individually via RNA-gel blot analyses performed with RNA isolated 
from plants that were homozygous for the gl8a or gl8b mutations. Hybridization was 
performed with a probe generated from a portion of the gl8a cDNA (clone pGAB23, Figure 
2) that detects both gl8a and gl8b mRNAs. 
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RNA gel-blot analyses detect an approximately 1.4-kb g/5-hybridizing mRNA in all 
samples from gl8a and gl8b mutant plants as well as from wild-type plants (Figure 5A-C). 
gl8b mRNA accumulates at its highest levels in husk, tassel, and young ears. The gl8a 
mRNA accumulates to its highest levels in seedlings, silk and young ears. In most samples, 
the gl8a mRNA accumulates to approximately 5 to 10-fold higher levels than the gl8b 
mRNA. Wild-type plants accumulate g75-hybridizing mRNA to levels that are 
approximately equal to the sum of the gl8a and gl8b mRNAs detected in the mutant plants 
(compare Figure 5 A with Figures 5B-C). Hence, it appears that the expression of the gl8a 
gene is not affected by the absence of a functional copy of gl8b or that the expression of the 
gl8b gene is not affected by the absence of a functional copy of gl8a. 
To better localize the ^ -hybridizing mRNAs in seedlings, the above ground portion 
of 10-day-old B73 seedlings was divided into expanded and unexpanded portions. The 
expanded sample contained only the leaf blades of the fully expanded first and second leaf 
while the unexpanded sample consisted of the sheaths of leaves one and two and the 
unexpanded leaves encircled by those sheaths. The gl8 mRNAs were detected almost 
exclusively in the RNA from unexpanded leaf sample (Figure 5D). 
Transgenic analysis 
To further aid in the characterization of the expression of these paralogs, we 
developed transgenic maize lines carrying the GUS reporter, regulated by the promoters from 
either the gl8a or the gl8b gene. Approximately 2-kb fragments of DNA upstream of the 
gl8a and gl8b start codons were transcriptionally fused to the GUS gene in the pDMC205-
vector to generate gl8a::GUS and gl8b::GUS transgenes, respectively. 
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Fourteen independent transgenic lines were generated that carry gl8a::GUS, five of which 
expressed GUS over multiple generations. In seedling leaves, the expression of gl8a is 
highest in the innermost young leaves still enclosed within the coleoptile (Figure 6A); 
interestingly, gl8a is not expressed to detectable levels in the coleoptile. Moreover, in these 
inner leaves gl8a expression is not cell specific. In contrast, in the unexpanded portion of the 
outermost true leaf gl8a expression is restricted to the epidermal cells and vascular bundles. 
Furthermore, in the expanded portion of this leaf, gl8a expression is maintained only in the 
vascular bundles, i.e., expression is lost in epidermal cells (data not shown). These findings 
are consistent with the RNA gel blots shown in Figure 5D, which demonstrated that gl8 
expression is highest in unexpanded portions of seedling leaves. Similarly, in adult leaves, 
GUS expression is detected only in vascular tissue (data not shown). GUS activity is also 
observed in seedling roots, with the most intense staining near the root tips and positions in 
the root nearest the pericycle where lateral roots emerge; weak staining is also apparent in the 
vascular tissue (Figure 6B). 
Cross sections of young pistillate spikelets and cob reveal GUS staining in the pith 
and in a small region within the ovule that appears to be the nucellus (data not shown). In 
mature unpollinated ears GUS activity is most obvious at the base of the silk where cell 
division is occurring (Figure 6C). A heavily staining spot is often observed at the base of the 
silk (Figure 6C arrow). This spot represents the tip of the posterior carpal that marks the 
location of the stylar canal (Kiesselbach, 1949). GUS activity is minimal through much of 
the remainder of the silk, although it is often observed in silk hairs (data not shown). In 
staminate flowers, expression is most prominent in pollen grains (Figure 6D), but is also 
observed in the vascular tissue of the glumes (data not shown). GUS staining is observed 
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first in pollen grains near the tip of the anther but over the few days prior to anthesis pollen 
grains lower in the anther begin to stain. 
In parallel, 11 independent transgenic lines were generated that carry gl8b::GUS, four 
of which expressed GUS over multiple generations. Although some variation was observed 
in the levels of expression among gl8a::GUS and gl8b::GUS events, overall and throughout 
development, the patterns of g/5&-driven GUS expression are indistinguishable from those of 
g7&*-driven GUS expression (data not shown). Because both strongly and weakly expressing 
events were recovered for each transgene, this variation in the level of GUS activity likely 
reflects variation arising from transgene position effects rather than differences in promoter 
activities. 
The experiments described above were conducted in a stock that carried functional 
alleles of gl8a and gl8b. The patterns gl8a and gl8b-driven GUS expression were also 
assayed in stocks that were homozygous for the gl8a-ref mutation. No differences in the 
levels or the patterns of expression were observed for either the gl8a::GUS or gl8b::GUS 
transgene in the gl8a-ref mutant background (data not shown). This indicates that expression 
ofgl8a and gl8b is not affected by the absence of a functional copy of gl8a, a result that is 
consistent with RNA-gel blot analyses shown in Figure 5 that suggest that the accumulation 
of gl8b mRNA is not influenced by the absence of a functional copy of gl8a. 
In situ hybridization 
In situ hybridization was used to confirm many of the expression patterns obtained by 
observing GUS staining patterns in transgenic plant. Digoxigenin-labeled antisense and 
sense RNA probes were generated from the same gl8a cDNA clone (pGAB23) from which 
probe was generated for the RNA-gel blot experiments. Thus, as with the gel-blot analyses 
112 
shown in Figure 5, the gl8b mRNA is specifically detected in gl8a mutants, the gl8a mRNA 
is specifically detected in gl8b mutants and both mRNAs are detected in wild-type plants. 
Consistent with RNA-gel blots and analyses of transgenic plants, in situ 
hybridizations to cross-sections of the young unexpanded portions of seven-day-old seedlings 
from B73, and gl8a and gl8b mutants revealed that the highest levels of gl8 mRNA 
accumulation occurs in the innermost leaves, where accumulation is fairly homogeneously 
distributed among cell types. In outer leaves, however, gl8 mRNA accumulation is restricted 
to vascular tissue and epidermal cells (Figure 7A-F). Consistent with the analysis of the 
gl8::GUS transgenic plants only limited accumulation of gl8 mRNAs is observed in the 
coleoptile. The spatial patterns of mRNA accumulation appear similar for gl8a and gl8b, 
although, consistent with RNA gel-blot experiments, the accumulation of gl8a mRNA is 
considerably higher than that of gl8b. 
In situ hybridizations of longitudinal sections through a B73 kernel imbibed for 48 
hrs revealed that the gl8 mRNAs accumulate in the vascular tissue of the scutellum and 
throughout the embryo axis (Figure 7 G and J). gl8 mRNAs accumulate throughout the root 
but to highest levels in the endodermis (Figure 7 H and K). In situ hybridizations of 
longitudinal sections through a wild-type (inbred line Ky21) ear revealed high levels of gl8 
mRNAs throughout this organ, with the highest levels accumulating in the developing ovules 
(Figure 7 I and L). Consistent with the low level of gl8 expression in adult leaves, as 
revealed by RNA-gel blot and transgenic analyses, in situ hybridizations failed to detect gl8 
mRNAs in these organs (data not shown). 
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gl8a, gl8b double mutants 
The overlapping expression patterns of the gl8 paralogs, in addition to the very similar 
compositions of the waxes that form on mutants of these two genes led us to hypothesize that 
the gl8a and gl8b genes have at least partially redundant functions. To test this hypothesis 
double mutant were generated. Crosses were made between stocks homozygous for gl8a-Mu 
88-3142 and gl8b-Mu 94BT-149 (Cross 1). One copy of chromosome 4 in the stock 
homozygous for gl8b-Mu 94BT-149 also carried the linked v* mutation, which confers a 
recessive virescent phenotype. Fi plants from this cross were self-pollinated and F2 progeny 
scored for gl8a, gl8b double mutants. Because gl8a and v* are unlinked, F2 progeny from Fi 
plants that inherited the gl8b-Mu 94BT-149 v* chromosome (Cross 2) were expected to 
segregate 3:1 for glossy (due to homozygosity for gl8a); further, because gl8a and gl8b are 
unlinked, one-quarter of these glossy seedlings were expected to be virescent (due to 
homozygosity for v*). However, glossy, virescent seedlings were observed at a rate 
substantially lower than expected. In fact, only 13 of 165 glossy seedlings were virescent. 
Genotyping of these 13 seedlings revealed that each was heterozygous at the gl8b locus, and, 
therefore, arose via crossovers between gl8b-Mu BT94-149 and v*. Hence, no viable gl8a, 
gl8b double mutants were recovered out of a population of over 600 F2 progeny. In addition, 
genotyping of 300 F2 progeny from Cross 3 (that did not include the v* marker) also failed to 
identify double mutant seedlings, although all other possible genotypes were present at ratios 
expected from a standard di-hybrid cross. This provides strong evidence that the gl8a, gl8b 
double mutant genotype is lethal. 
Cross \\gl8a-Mu 88-31'42Vgl8a-Mu 88-3142; Gl8b V*/Gl8b V* X Gl8a/Gl8a; gl8b-Mu 
BT94-149 v*/gl8b-Mu BT94-149 V* 
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Cross 2: gl8a-Mu 88-3142/Gl8a; gl8b-Mu BT94-149 v*/Gl8b V* self 
Cross 3: gl8a-Mu 88-3142/Gl8a; gl8b-Mu BT94-149 V*/Gl8b V* self 
To distinguish between a double mutant genotype that produces a non-viable kernel or one 
that is gametophytic lethal, kernels that were expected to segregate 25% for double mutants 
were germinated in paper rolls (Wen and Schnable, 1994). Approximately 25% of the F2 
kernels from Crosses 4 or 5 did not produce viable seedlings (Figure 8A). These nonviable 
kernels had normal endosperms but degenerated scutella and embryos (Figure 8B). DNA 
isolated from endosperms of such kernels confirmed that these kernels are double mutant for 
the gl8a and gl8b mutations. A small percentage (-5%) of these kernels produce a small 
primary root without any shoot growth (data not shown). Genotyping of such seedlings 
(using DNA isolated from roots) revealed that these abnormal seedlings were also 
homozygous for both gl8a-Mu 88-3142 and gl8b-Mu BT94-149. In very rare instances, 
limited shoot growth was observed in double mutants but within 24 hours of emergence these 
shoots completely desiccated (data not shown). 
Cross 4: gl8a-Mu 88-3142/Gl8a; gl8b-Mu BT94-149 V*/gl8b-Mu BT-149 F'self 
Cross 5: gl8a-Mu 88-3142/gl8a-Mu 88-3142; gl8b-Mu BT94-149 V*/Gl8b V* self 
Chemical analysis of gl8 mutant kernels 
To begin to understand the biochemical basis of the lethality associated with the gl8a, 
gl8b double mutant, the fatty acids that accumulate in mature kernels were quantified. To 
analyze total fatty acids, lipids are typically extracted (e.g., Bligh and Dyer, 1959) and the 
associated fatty acids are either saponified and derivatized or directly derivatized. The 
resulting derivatives, typically methyl esters, are analyzed via GCMS. This method recovers 
free fatty acids as well as those that are bound to compounds via ester or thioester bonds. 
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But because this method fails to recover fatty acids that are bound to compounds via amide 
bonds (e.g., sphingolipids and N-acylethanolamides) or fatty acids that have been 
incorporated into polymers (e.g., cutin or suberin), it underestimates the total fatty acid 
content of the tissue. Plant tissues were therefore first treated with a strong acid which 
hydrolyzes all fatty acid-containing compounds, including those bound to amides and 
polymers. The released free fatty acids were then recovered, methylated, and analyzed via 
GCMS. Because the pericarp of kernels consists of maternal tissue (which in some 
experiments had a genotype that differed from that of progeny tissue of the kernel, i.e., the 
endosperm, aleurone and embryo), pericarps were removed from all kernels prior to analysis. 
The yield of fatty acids from mature wild-type kernels after acid hydrolysis was 60 
umol/g, as compared to 31 umol/g from the saponification of isolated lipids (data not shown. 
Both methods recovered VLCFAs from kernels (i.e., 20:0, 20:1, 20:2, 22:0, 24:0 and 26:0). 
However, VLCFAs account for a larger proportion of the fatty acids recovered after acid 
hydrolysis than via initial lipid extraction (cf, 10% and 7% for seeds)(Appendix C, Figure 
4.7). This probably reflects the recovery of VLCFAs from sphingolipids, cutin and/or 
suberin, which are not recovered via initial lipid extraction. 
Using the acid hydrolysis protocol the accumulation of fatty acids in mature kernels 
of the gl8a and gl8b single mutations and the double mutant were compared to the 
accumulation in wild-type kernels. Wild-type kernels accumulate ~4 umoles/g of VLCFAs 
(Figure 9A). In contrast, kernels homozygous for the gl8a or gl8b mutants accumulate 0.55 
and 2.9 umoles/g of VLCFAs, respectively. The relative proportions of the 20:0, 20:1, 20:2, 
22:0, 24:0 and 26:0 VLCFAs were unaffected by either the gl8a or gl8b mutant (Appendix C, 
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Figure 7; Table 4.4). Surprisingly, the gl8a mutant (but not gl8b) also affects the 
accumulation of CI 6 and CI 8 fatty acids (Figure 9A). Although wild-type and gl8b mutant 
kernels each accumulate over 55 umoles/g of C16 and CI8 fatty acids, gl8a mutant kernels 
accumulate only 33 umoles/g of C16 and CI 8 fatty acids. The relative proportions of the 
16:0,18:0, 18:1, 18:2 were unaffected by the gl8a or gl8b mutants (Appendix C, Figure 4.7; 
Table 4.4). The reductions in the accumulation of VLCFAs in the gl8a and gl8b single 
mutations are consistent with the roles of the GL8A and GL8B proteins in the elongation of 
C18 fatty acids to VLCFAs (Xu et al., 2002; Bianchi et al., 1985; von Wettstein-Knowles, 
1987). Moreover, the effect of the gl8a mutation is quantitatively more extreme than that of 
the gl8b mutation, a result that is consistent with the fact that the gl8a mRNA accumulates to 
higher levels than the gl8b mRNA in the examined tissues. 
A separate experiment was conducted to determine the effect of the gl8a, gl8b double 
mutant on the accumulation of fatty acids and thereby test the hypothesis that these genes are 
functionally redundant. In this experiment kernels resulting from the self-pollination of a 
plant homozygous for gl8b and heterozygous for gl8a were genotyped (Methods). The fatty 
acid composition of kernels homozygous for both gl8a and gl8b (i.e., gl8a, gl8b double 
mutants) were compared to kernels homozygous for wild-type and mutant alleles of the gl8a 
and gl8b loci, respectively (i.e., gl8b single mutants). The fatty acid composition of these 
kernels are presented in Appendix C, Figure 9 and Table 4.6. In this experiment the gl8b 
single mutants accumulated ~2 umoles/g of VLCFAs (Figure 10A), which is statistically 
indistinguishable from the gl8b mutant data obtained in the earlier experiment and presented 
in Figure 9A. In contrast, the gl8a, gl8b double mutant kernels accumulated only 0.3 
umoles/g of VLCFAs (Figure 10A). Given that GL8 is a component of the fatty acid 
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elongase, these results strongly suggest that the lethality associated with the gl8a, gl8b 
double mutants is due to their inability to synthesize normal levels of VLCFAs. 
Very long chain fatty acids are components of several classes of molecules, including 
cuticular waxes, cutin, suberin, sphingolipids, and some membrane phospholipids and seed 
oils. Although comprehensive analyses have not yet been conducted, of these VLCFA 
derivatives, only sphingolipids have been shown to be essential in any biological system 
(reviewed by Dunn et al., 2004). Accordingly, we adapted existing methods to measure the 
VLCFA-containing ceramide moiety of sphingolipids. Wild-type kernels accumulate 
approximately 3 umoles/g of ceramides, which accounts for ~5% of the fatty acids present in 
this organ (Figure 9B). Over 95% of these ceramides contain 4, 8-Sphingadienine as the 
long-chain base. As expected the vast majority (-85%) of these fatty acids are hydroxylated 
and approximately half are VLCFAs of 20-26 carbons (Appendix C, Figure 4.8; Table 4.5). 
The gl8a mutant reduces the accumulation of ceramides approximately to 10% of wild-type 
levels (0.31 versus 2.8 umole/g; Figure 9C) but does not significantly affect the ratio of <20 
fatty acids to VLCFAs (Figure 9B), nor does it significantly affect the fatty acid composition 
of the ceramides (Appendix C, Figure 4.8; Table 4.5). In contrast, although the gl8b single 
mutant does not significantly affect the total accumulation of ceramides (3.3 versus 2.8 
umole/g; Figure 9C), it does affect the fatty acid composition of the ceramides. Specifically, 
the kernel ceramides (Appendix C, Figure 4.8; Table 4.5) from gl8b mutants contain a 
relatively high proportion (27 mol %) of a novel fatty acid, hydroxypalmitate (16h:0) that is 
undetectable in the ceramides from wild-type and gl8a kernels. The accumulation of the 
ceramide-associated 18h:0 also increases in the gl8b mutant kernels. These increases occur 
at the expense of the ceramide-associated 18:0 and 18h:l fatty acids, which accumulate to 
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lower levels in the gl8b mutant relative to both wild type and gl8a kernels. Because the two 
single mutants express distinct chemotypes, we conclude that gl8a and gl8b have only 
partially redundant functions. 
A separate experiment was conducted to determine the effect of the gl8a, gl8b double 
mutant on the accumulation of fatty acids and ceramides. In this experiment kernels 
resulting from the self-pollination of a plant homozygous for gl8b and heterozygous for gl8a 
were genotyped (Experimental procedures). The fatty acid composition of kernels 
homozygous for both gl8a and gl8b (i.e. gl8a, gl8b double mutants) were compared with 
kernels homozygous for wild type and mutant alleles of the gl8a and gl8b loci, respectively 
(i.e., gl8b single mutants). The fatty acid compositions of these kernels are presented in 
Figure Appendix B 4.7B and Appendix B Table 4.6. In this experiment the gl8a, gl8b double 
mutant kernels accumulated significantly less VLCFAs than the gl8b single mutants (0.3 
versus 2.0 umol/g, Figure 9B). As in the previous experiment, the accumulation of ceramide 
was also determined. In this experiment, gl8a, gl8b double mutant kernels accumulated 
significantly less ceramide than the gl8b single mutants (0.63 versus 3.6 umol ceramide/g, 
Figure 9D, Appendix B Table 4.7). Despite the dramatic reduction in the accumulation of 
ceramides in the gl8a, gl8b double mutant relative to the gl8b single mutant, relative to wild 
type the gl8b single mutant and the gl8a, gl8b double mutantboth exhibited an increased 
accumulation of 16h:0 and 18h:0 ceramides and a decreased accumulation of 18:0 and 18h:l 
ceramides (Appendix B Figure 4.8). 
Because the genetic backgrounds of two experiments described in Figure 9(A, 
C) versus 9 (B, D) differed, it is not appropriate to directly compare their results. Even so, it 
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is puzzling to note that the accumulation of VLCFAs and ceramides in the gl8a, gl8b double 
mutant is similar to that of the gl8a single mutant, yet only the former is lethal. 
DISCUSSION 
Maize contains two genes that encode 3-ketoacyI reductase 
3-ketoacyl reductase is one of four enzymatic activities required for the elongation of 
fatty acids to generate the VLCFAs that serve as precursors for the biosynthesis of a wide 
range of compounds, including cuticular waxes. In maize two genes (gl8a and gl8b) encode 
3-ketoacyl reductase. Sequence analyses of genomic and cDNA clones for these genes 
reveal that their gene structures are conserved and that the proteins they encode are 97% 
identical. Genetic mapping experiments have placed gl8a and gl8b on syntenic chromosomal 
regions. Syntenic regions are believed to be the result of an ancient segmental 
allotetraploidization event that occurred approximately 20.5 million years ago (MYA) during 
the evolution of maize (Helentjaris et ah, 1988; Gaut and Doebley, 1997). The extreme 
degree of nucleotide identity (96%) that exists between these two genes is, however, 
inconsistent with a divergence time of more than 20 MYA. The time of divergence between 
gl8a and gl8b was calculated using the synonymous distance estimate of 0.0265 and the 
estimated synonymous substitution rate of 5 x 10"9 to 30 x 10"9 substitutions per site per year 
(Wolfe et al, 1987) to yield a divergence time of between 0.44 and 2.65 MYA. The upper 
limit of this estimate is substantially more recent than the 11.4 MYA estimate of interspecific 
hybridization and transition to disomy in maize (Gaut and Doebley, 1997). The Arabidopsis 
genome contains two gl8a homo logs (Genbank accession U89512 and NM102292) located 
in a region that is part of a segmental duplication (Redundancy Viewer at 
http://mips.gsf.de/proj/thal/db/gv/rv/rv_frame.html). However, these duplicate genes exhibit 
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only 63% nucleotide identity and encode proteins that are only 59% similar. The very recent 
divergence ofgl8a and gl8b in maize coupled with the low similarity between the duplicate 
gl8 homologs of Arabidopsis suggests that the maize gl8 genes participated in a recent gene 
conversion-like event. Consistent with this hypothesis is the finding that nucleotide identity 
outside of the maize paralogs is substantially lower than within the introns oigl8a and gl8b. 
Such a gene conversion-like event is also thought to be the cause for the low level of 
divergence between the duplicate adh genes of rice (Gaut et al, 1999). 
Regardless of their origins, duplicate genes have three primary fates: 1) decay 
through mutation resulting in a pseudogene; 2) functional divergence; or 3) retention of the 
original, or similar, gene functions (reviewed by Wendel, 2000). The isolation of gl8b 
cDNAs indicates that gl8b is indeed expressed and thus is not a pseudogene. Functional 
divergence can reflect differences in expression and/or biochemical specificity. RNA-gel 
blot, transgenic, and in situ analyses consistently indicate that although gl8a is expressed at 
higher levels than gl8b, these two paralogs have very similar expression patterns. Although 
these genes have not diverged in terms of their expression patterns, they may have different 
biochemical specificities. For example, the two proteins might be involved in the elongation 
of fatty acids destined to be incorporated into different wax constituents. Alternatively, they 
could also be involved in the elongation of fatty acids destined for incorporation into the 
same constituents, but have different acyl chain length specificities. This specificity could be 
the result either of catalytic differences between the proteins per se, or a consequence of 
differential affinities for fatty acid elongase systems that have different substrate specificities. 
In any of these cases, mutations in these two genes would be expected to confer different 
metabolic phenotypes. 
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GL8A and GL8B have at least partially redundant biochemical functions 
Mutations in either of the gl8 paralogs reduce the total accumulation of cuticular 
waxes and condition similar changes in the compositions of the most abundant components 
of seedling cuticular waxes, i.e., in the alcohols and aldehydes. The magnitudes of the 
effects of the gl8a and gl8b mutations parallel the expression levels of these genes, i.e., 
mutations in the more highly expressed gl8a gene reduce cuticular wax accumulation 94%, 
whereas the gl8b mutation reduces cuticular wax accumulation by only 45%. Similarly, gl8a 
mutants have more dramatic effects on the proportion of short-chain alcohols and aldehydes 
than does the gl8b mutant. These differences probably account for the fact that gl8a mutants, 
but not the gl8b mutant, present a glossy phenotype. Hence, based on the similarity of the 
proteins encoded by these genes, their very similar expression patterns, and the similar 
effects their mutants have on cuticular wax composition, it appears that gl8a and gl8b have at 
least partially redundant functions in cuticular wax biosynthesis. 
In contrast, the single mutants do have some differential effects on the composition of 
some minor constituents of cuticular waxes. For example, the gl8b mutant, but not gl8a 
mutants, condition an increased accumulation of esters and reduce the accumulation of 
ketones to undetectable levels. These finding may suggest that the two genes are not entirely 
redundant. However, because these differences affect minor wax constituents, genetic 
variation between the gl8a and gl8b mutant lines may have contributed to these latter 
observations. 
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The GL8 proteins are involved in the elongation of fatty acids used by both the 
reduction and decarbonylation pathways 
Consistent with the role of the GL8 protein in acyl chain elongation, mutations in 
either gl8 gene reduce the carbon chain lengths of juvenile wax components. In maize, the 
reduction and decarbonylation pathways utilize 32C aldehydes that are either reduced to 
alcohols (reduction) or decarbonylated to 31C alkanes (decarbonylation). Previous analyses 
have been interpreted to suggest that distinct elongases synthesize separate pools of 
aldehydes for these two pathways (Vioque and Kolattukudy, 1997). Consistent with this 
view, we found that the chain lengths of the aldehyde pool which is reduced to alcohols is 
greatly affected by the gl8 mutations, but the chain lengths of the pool, which undergoes 
decarbonylation to generate alkanes, appears not to be greatly affected by the gl8 mutations. 
On the other hand, the gl8a and gl8b single mutants similarly affect the total accumulation of 
products from both the reduction and decarbonylation pathways. Hence, we conclude that 
the keto-reductase encoded by gl8a and gl8b supplies VLCFAs to both pools of aldehydes. 
gl8a and gl8b double mutants cause lethality during embryo development 
The finding that the gl8a, gl8b double mutant is lethal during seed development 
indicates that these two genes encode an overlapping physiological function that is essential 
during seed development. Given that these genes encode components of fatty acid elongase, 
this finding suggests that VLCFAs are essential, which is consistent with earlier observations 
that cafenstrole, an inhibitor of fatty acid elongation, is toxic to some plant species 
(Takahashi et al, 2001). The observation that the non-viable gl8a, gl8b double mutant 
kernels lack embryos and scutella, but develop normal endosperms and pericarps indicates 
that the function associated with these two genes is essential in the kernel only during the 
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development of the former two organs. This is consistent with the finding that these two 
genes are expressed to high levels in the embryo axes and scutella of germinating kernels. 
The finding that a gl8a- and g/56-associated function is essential may indicate that 
cuticular wax biosynthesis per se may be crucial for the development of the embryo and/or 
the scutellum. For example, cuticular waxes may be important in establishing the physical 
barriers between new tissues and organs as they are being laid-down during embryogenesis. 
Thus, in the absence of both gl8a and gl8b functions, the absence of this cuticular wax barrier 
may be lethal during embryogenesis. Consistent with this hypothesis, a number of mutants 
(including certain maize glossy mutants) that affect normal epidermal cell development 
present an adherent phenotype in which emerging organs fail to physically separate, and 
some of these mutants are indeed lethal (Jin et ah, 2000; Tanaka et ah, 2001). 
On the other hand, it is possible that another class of VLCFA-derived compounds is 
essential. Three lines of evidence suggest that gl8a and gl8b encoded 3-ketoacyl reductase 
activity is required for the biosynthesis of essential VLCFA-containing components other 
than cuticular waxes. First, gl8 is expressed in tissues other than those associated with 
cuticular wax biosynthesis (i.e., in internal tissues of the root, embryo, and leaves). Second, 
fatty acid elongase activity is found in such tissues (Schreiber et ah, 2000). Third, the 
accumulation of VLCFAs is drastically reduced in double mutant kernels. The essential 
VLCFA-containing component(s) could include suberin, cutin, sphingolipids and/or seed 
oils. However, the seed oil of maize contains only trace amounts of VLCFAs. Furthermore, 
mutations in the Arabidopsis^/aei gene that encodes the seed oil specific KCS component of 
the fatty acid elongase are not lethal (James et ah 1995). Therefore triacylglycerol is 
unlikely to be the essential VLCFA-containing compound. This leaves as potential 
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candidates suberin, cutin, and sphingolipids as the essential VLCFA-derived compound(s). 
An essentiality of suberin and cutin during embryo development remains to be tested. 
However, the importance of sphingolipids (Lynch, 1993), which include 5% of the 
fatty acids of maize kernels, is indicated by the finding that the sphingolipid biosynthetic 
inhibitor, fumonisin, is toxic to plants (Wang et al, 1996). Furthermore, yeast mutations that 
block the biosynthesis and accumulation of sphingolipids are lethal (Zweerink et al, 1992; 
Mandala et al, 1995; Dunn et al., 2004). This study has shown that the accumulation of 
ceramides is substantially reduced (by seven fold) in the gl8a and gl8b double mutant 
kernels. Hence, although gl8a and gl8b appear to be involved in the biosynthesis of the vast 
majority of VLCFA-containing compounds, their role in sphingolipid biosynthesis offers an 
attractive hypothesis to explain the lethal phenotype associated with the double mutant. 
Relative to wild type, the gl8a single mutant, but not the gl8b single mutant, significantly 
decreases the accumulation of ceramides. On the contrary, the gl8b single mutant, but not the 
gl8a single mutant, alters the composition of the ceramide-associated VLCFAs. 
Significantly, the gl8a, gl8b double mutant shares a characteristic of the gl8a single mutant in 
that it redueces the total accumulation of ceramides. In addition, the gl8a, gl8b double mutant 
shares a characteristic of the gl8b single mutant, in that it alters the composition of the 
ceramide-associated VLCFAs. Hence, the gl8a, gl8b double mutant has a novel chemotype 
of the ceramide moiety of the sphingolipids relative to both of the single mutants. We 
therefore hypothesize that this novel sphingolipid chemotype is responsible for the lethality 
associated with the gl8a, gl8b double mutant. 
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Experimental Procedures 
Isolation of gl8b Genomic and cDNA Clones 
The gl8b genomic clone A.5-1-1 was isolated from a A.Dash II (Stratagene, La Jolla, CA) 
maize genomic library constructed by John Tossberg (Pioneer Hi-Bred International Inc., 
Johnston IA). The library was screened by DNA hybridization (Maniatis et al, 1982) with a 
0.8-kb partial gl8a cDNA (p88m) described by Xu et al. (1997). Restriction analysis of 
clone A-5-1-1 with Hindlll and/or EcoRl revealed that the gl8b gene spans a 5.6-kb Hindlll 
fragment and a 2.4-kb HindlHJEcoRI fragment. Each of these fragments was subcloned into 
an appropriately digested pMOB vector (Strathmann et al, 1991) to generate clones gl8b5.6 
and gl8b2.4, respectively. These clones were sequenced at the Iowa State University Nucleic 
Acid Facility on an ABI 3 73A automated DNA sequencer (Applied Biosystems, Foster City, 
CA). Direct sequencing of A, DNA from clone A.5-1-1 across the Hindlll junction confirmed 
that the two fragments are contiguous. Sequence analyses were performed using the 
Sequencher™ Version 3.0 software package (Gene Codes Corporation, Inc, Ann Arbor, MI). 
A 1.0-kb partial gl8b cDNA (1991-12) was isolated from a cDNA library prepared 
from RNA isolated from 14-day-old B73 seedling leaves by Yiji Xia using the pAD-GAL4 
vector (Stratagene, La Jolla, CA). This library was screened with the 0.8-kb gl8a cDNA 
clone (p88m) and both gl8a and gl8b cDNA clones were identified. The cDNAs for these 
genes were distinguished by amplification of their 3' UTRs with primers g24he.p4 and g8bsp 
followed by digestion of the amplified products with Cfol. Products amplified from gl8b 
cDNAs do not contain the Cfol restriction site while fragments amplified from gl8a cDNAs 
do. The 5' end of the gl8b cDNA was isolated by 5' RACE with 3' nested gene-specific 
primers gab362 and mcd696. GeneRacer (Invitrogen, Carlsbad, CA), a modified 5' RACE 
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procedure that allows amplification only from mRNAs having a 5' 7-methylated guanine 
cap, was used to confirm that the 5' RACE product was full-length. 
Constructs and Probes 
A 113-bp PCR product was amplified from gl8b5.6 with primers xxl 128 and 
gl3s.p2. This PCR product was cloned into the pBSK/T-vector to create the g/56-specific 
clone 1409-4. The insert from this clone is released by digestion with Hindlll and EcoRl. 
This fragment was used as the RFLP probe IAS 12 to map the gl8b gene. The PCR product 
resulting from the PCR amplification of the gl8a cDNA clone pgl8 with primers gab457 and 
g24he.p5 was used as template to generate P-labeled probe for RNA gel blot experiments. 
This same PCR product was subcloned into the pCR-TOPO 4.1 vector (Invitrogen, Carlsbad, 
CA) to generate pGAB23 (clone 2490-1). Digoxigenin labeled sense and antisense probes 
used for in situ hybridization experiments were generated from Noil and Spel digested 
pGAB23, respectively. 
RNA Isolation and Gel Blotting 
Tissue samples were collected from seven-day-old greenhouse grown seedlings. 
Adult samples (leaf, husk, tassel, silk and ear) were collected at the mid-point of anthesis. 
Leaf tissue was collected from the leaf attached to the primary ear. Husk, silk and ear tissue 
were collected from primary ears which had been covered to prevent pollination. Husk tissue 
included only the innermost two or three husks. Silk tissue included silk that was both 
external and internal to the husks. Embryos were isolated from kernels 21 days after 
pollination. RNA was isolated from these tissue sources using a scaled-up version of the 
TRIzol RNA Isolation Method (http ://afgc. Stanford, edu/af gc html/site2Rna.htm). Briefly, 
four grams tissue were frozen in liquid N2 and pulverized. Fifty ml TRIzol reagent (38% 
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phenol, 0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1M sodium acetate, 
pH 5, 5% glycerol) was added and allowed to warm to RT. Samples were then heated to 
60°C for 5 min before centrifugation at 12,000g for 10 min. Supernatants were mixed with 
12 ml chloroform, shaken for 15 sec, and allowed to sit at RT for 5 min before being 
centrifuged at 10,000g for 10 min. The aqueous phase from each tube was mixed with 1/2 
volume isopropanol and 1/2 volume 0.8 M sodium citrate/1.2 M NaCl. Samples were mixed 
by inverting several times and allowed to sit at RT for 10 min before centrifugation at 
10,000g for 10 min at 4°C. The RNA pellet was washed with 75% ethanol and air-dried for 1 
min. RNA was resuspended in 500 ul diethyl pyrocarbonate (DEPC) treated H2O by 
incubating at 60°C for 10 min. RNA was quantified using a SectraMax Plus plate reader 
(Molecular Devices, Sunnyvale, CA). RNA was subjected to electrophoresis in a 
formaldehyde-containing 1.25% agarose gel and transferred to GeneScreen nylon membranes 
(Dupont, Boston, MS). Hybridization with 32P-labeled probes was conducted as described by 
the manufacturer. 
In Situ Hybridizations 
Tissue was fixed in ice cold fixative (4 % paraformaldehyde with 1 % glutaraldehyde 
in 0.1M phosphate buffered saline) for 12-18 hrs and processed according to the protocol 
described by Jackson (1991). Samples were infiltrated in paraplast (Paraplast Plus; 
Sherwood Medical, St. Louis, MO) and consecutive 10-um-thick tissue sections were cut on 
a Leica RM 2135 (Meyer Instruments, Houston, TX) microtome and placed on ProbeOn Plus 
microscope slides (Fisher Scientific, Pittsburgh, PA). Digoxigenin-11-UTP (DIG RNA 
Labeling Mix; Roche Diagnostics) was incorporated into antisense or sense RNA probes, 
synthesized with T7 or T3 RNA polymerase (Roche Diagnostics) according to the 
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manufacturer's instructions. Hybridization and detection were carried out by the methods of 
Coen etal. (1990). 
Generation and Analysis of Transgenic Maize Lines 
The gl8a::GUS construct, pBKAR (clone 1608-1), was constructed by ligating the 
2,203-b^ XhoUXbal fragment from the gl8a genomic clone, A.1512-38, into theXhoI and 
Xbal sites of the pDMC205 expression vector (McElroy et al, 1995). The gl8b::GUS 
construct, pBBUS, was created via a two-step process that began by ligating the 2,300-bp 
BglYUNcol fragment from gl8b5.6 that had been blunt ended with SI nuclease, into Pvull-
digested pDMC205 to generate clone 1339-8. To remove an out-of-frame start codon, clone 
1339-8 was digested with Sail and Hindlll, filled in with Klenow and religated to generate 
pBBUS (clone 1673-11). 
The Iowa State University Plant Transformation Facility generated transgenic plants 
carrying gl8a::GUS or gl8b::GUS from callus tissue following co-bombardment with the 
pBAR184(-) selection construct (Frame et al, 2000). DNA samples were isolated from calli 
(Plant DNA Microprep Version 2.3, Delleporta, 1994) and PCR analyses performed to 
identify those that contained complete transgenes. Calli transformed with gl8a::GUS were 
PCR amplified with primer pairs cdsp6-2/gl8a55; gl8a57/gl8a51; xxl 128/gus4; and 
gusl/nos3p. Calli transformed with gl8b::GUS primers were amplified with cdsp6-
2/gl3s.p3; gl3s.pl/gus3 and gusl/nos3p. Fourteen independently derived calli transformed 
with gl8a::GUS and 11 calli transformed with gl8b::GUS were regenerated into plants. 
Transgenic lines were propagated by outcrossing. BAR resistance was monitored either by 
spraying 7-day-old seedlings with 0.2% Liberty (AgrEvo, Wilmington, DE) or dipping adult 
leaves in 0.5% Liberty. 
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The expression of GUS in transgenic plants was monitored by tissue sections in GUS 
assay buffer (50 mM sodium phosphate buffer pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 2 
mM potassium ferrocyanide, 2 mM potassium ferricyanide, 100 ug/ml chloramphenicol, 1 
mg/ml X-Gluc) at 37°C for 12-18 hours and then clearing samples with 70% ethanol. Five of 
the 14 gl8a: :GUS-contaimng transgenic lines (p2pl4-2, p2pl4-19, p2pl4-20, p2pl4-23, and 
p2pl4-35) and four of the eleven gl8b: :GUS-contaimng transgenic lines (p2p24-l, p2p24-5, 
p2p24-14, p2p24-25) exhibited high levels of GUS expression. The patterns of GUS 
expression among these lines were very similar. Two of the gl8a:: GUS-contaimng 
transgenic lines (p2pl4-7 and p2pl4-55) and one of the gl8b:: GUS-containing transgenic 
lines (p2p24-31) exhibited low levels of GUS activity. The GUS expression patterns of these 
lines were not extensively analyzed. The remainder of the lines did not stably express GUS 
activity. 
Genetic Stocks 
All of the gl8a mutant alleles used in this study, including the deletion allele, were 
described by Dietrich et al. (2002). The gl8a alleles used in this study are available from the 
Maize Genetics Stock Center. The gl8a-Mu 77-3134 samples used for wax analyses were 
from F2 seedlings obtained from a stock (01-4375 self) that had been previously backcrossed 
to the inbred line B73 five times. The gl8b mutant allele gl8b-Mu BT94-149 was identified 
from a PCR-based TUSC screen performed by Robert Meeley (Pioneer Hi-Bred, Johnston, 
IA). A Material Transfer Agreement governs the distribution of this stock; inquires should 
be directed to Dr. Meeley. The gl8b-Mu BT94-149 seedlings used for wax analyses were 
obtained by self-pollinating a stock (01-4373 self) homozygous gl8b-Mu BT94-149 that had 
been previously backcrossed into the inbred B73 one time. The gl8a gl8b double mutant 
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seedlings used for lipid analyses were obtained via the self-pollination of a stock (02-2488-1 
self) homozygous for gl8b-Mu BT94-149 and heterozygous for gl8a-Mu 88-3142. This stock 
was created by initially crossing together gl8a- and g/56-containing stocks that had been 
backcrossed to B73 five and two times, respectively. 
Genotyping gl8b 
High-throughput DNA isolations were performed as described by Dietrich et al. 
(2002). Endosperm DNA was isolated from imbibed kernels (after removal of the maternally 
derived pericarp) using Gentra (Minneapolis, MN) Puregene DNA isolation kit (Cat # D-
5000A). Plants homozygous for gl8b were identified by PCR amplification with two primer 
pairs: gl8b-a in conjunction with Mu-TIR, and gl8b-c in conjunction with 8bm225. Primer 
8bm225 is an IDP primer that amplifies Gl8b-B73, but not gl8b-Mu BT94-149. Thus, the 
primer pair gl8b-c/8bm225 does not produce a PCR amplification product from template 
DNA isolated from plants homozygous for gl8b-Mu BT94-149. The presence of the gl8b-Mu 
BT94-149 allele was confirmed via amplification with primer pair gl8b-a and the Mu TIR 
specific primer, Mu-TIR. 
PCR Primers 
8bm225: 5' GGA ATT TGT TGA GAG TCA TTG 
cdsp6-2: 5' GCT ATT TAG GTG ACA CTA TA G 
gl3s.pl: 5' AAT CCC TCC TCC CCA CCT GAC C 
gl3s.p2: 5' CTG GTC GAT GCG GTG CGG TGT C 
gl3s.p3: 5' GAA GAC AGC AGC AGC GGC AGA 
g24he.p4: 5' CCT ATG CTC GTG CTG CCG TTC GTC 
g24he.p5: 5' CCT ATG CTC GTG CTG CCG TTC GTC 
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gab362: 5' AGT CCT TGA GCG CCT CGA C 
gab457: 5' GGT GGA CGA GGA GCT GAT G 
gl8a51: 5' TGT GCC TGC CCC TGT GTC 
gl8a54: 5' GCC ACC CGG ACT AAA ACC TG 
gl8a55: 5' CTT CTT CCT CCA GCA TTC 
gl8a57: 5' CGG CTC GCT TCT CTC CAC TAC 
gl8b-a: 5' GCC ACG GTT CGT CTG CAA AAC ACT G 
gl8b-c: 5' GCA TCC TTG GCT ATT TAC TGG CTC GGT T 
gl8bsp: 5' CCG TGG ATG GAG CAA TGG 
gus-1: 5' AAA CCC CAA CCC GTG AAA 
gus-3: 5' ACC CAC ACT TTG CCG TAA TG 
gus-4: 5' ATA TCT GCA TCG GCG AAC TG 
mcd696: 5' CGC ACC TCG GGG ACC TTG G 
Mu-TIR: 5' AGA GAA GC C AAC GCC A(AT)C GCC TC(CT) ATT TCG TC 
nos3p: 5' AAG ACC GGC AAC AGG ATT C 
xx 1128: 5' TCT GTT CGT GTT CGG TTA GTC TTG 
Microscopy 
Scanning electron microscopy was performed at the Iowa State University Bessey 
Microscopy Facility on the adaxial surface of the second leaf from 10-day-old seedlings. 
Freshly harvested samples were coated with a 60/40 palladium/gold alloy using a Denton 
(Moorestown, NJ) Vacuum Desk II LC sputter/etch unit and analyzed with a Joel scanning 
electron microscope (model 5800 LV; Tokyo, Japan). 
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Chemical Analyses 
Cuticular waxes were extracted from 9-10 day old maize seedlings grown in 
greenhouse sand benches. Prior to extraction, the coleoptile was removed from the seedlings, 
and 1 |xg of the internal standard (hexadecane-Sigma) was applied to the leaves. The leaves 
were then immersed in HPLC-grade chloroform for 60 sec. The extract was then filtered 
with glass wool. Plant material was then dried over night at 100 °C and weighed. The filtered 
extract was taken to dryness under reduced pressure using a rotary evaporator at 30 °C. The 
dried wax was dissolved in a small volume of chloroform and subjected to GC-MS analysis. 
GC-MS chromatographic analysis was conducted using a Gas Chromatograph (6890 series 
Agilent, CA), equipped with a Mass Detector 5973 (Agilent, CA). Wax constituents were 
separated on a 30 m long, 0.32 mm i.d. fused silica capillary column (HP-1) using He as a 
carrier gas. The injector and detector were held at 325 °C. The80°C oven was heated at a 
rate of 5 °C /min until to 260 °C. This temperature was maintained for 10 minutes, and then 
elevated at 5 °C/min to 320 °C and held at this final temperature for 30 min. Identification of 
the wax components was facilitated by using HP enhanced ChemStation ™ G1701 BA 
version B.01.00 with Windows NT ™ operating system (Agilent, Palo Alto, CA). 
Ester isomers with the same total carbon number, but differing in their acid and 
alcohol moieties were identified via the characteristic protonated acid fragmentation ion 
obtained via electron-impact mass spectrometry (Reiter et al., 1999). 
To quantify the accumulation of different cuticular wax components, the response of 
the mass-spectrometer was calibrated for each component class relative to the hexadecane 
internal standard using an FID detector. For this purpose the following commercially 
available standards (Sigma Chemical Co., St. Louis, MO) were used; the response of the 
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mass-spectrometer relative to hexadecane is provided in brackets. Specifically, 1-
octacosanol was the alcohol standard (93% of the hexadecane response), decanal was the 
aldehyde standard (86% of the hexadecane response), heptacosane was the alkane standard 
(98% of the hexadecane response), 6-tricosanone was the ketone standard (85% of the 
hexadecane response), and icosyl docosanate was the ester standard (72% of the hexadenane 
response). 
The total fatty acid content of plant material was determined by first acid-hydrolyzing 
all fatty acid-containing compounds, and subsequently recovering and quantifying the 
released fatty acids as methyl esters by GC-MS. Maternal pericarp tissue was removed from 
kernels prior to analysis. An aliquot of a known weight (between 30 and 40 mg) of 
powdered kernels, spiked with 10 jag of nonadecanoic acid as an internal standard, was 
homogenized in a Ten-Broek homogenizer with about 1 mL of phosphate buffered saline 
(PBS). The extract was adjusted to a final concentration of 6N HC1, by the addition of 
concentrated acid. Following a 6 hr incubation at 90°C, the hydrolyzed fatty acids were 
recovered by extraction with hexane and converted to their methyl esters. Fatty acid methyl 
esters were analyzed with a GC-MS, using the same column and chromatographic conditions 
used to analyze cuticular wax components, except that the oven temperature was initially at 
80 °C and then heated at a rate of 5 °C/min to 200 °C. This temperature was maintained for 
10 minutes, and then elevated at 5 °C/min to 260 °C and held at this final temperature for 10 
min. 
To analyze the ceramides moiety of sphingolipids, powdered kernels (minus 
pericarps) were extracted according to the protocol of Sullards and Merril (2001). An 
accurately weighed aliquot of kernel powder (of approximately 0.02-0.5 g), spiked with 0.5 
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nmoles of CI 7 ceramide (dissolved in ethanol, Avanti Polar Lipids Inc., Alabaster, AL), was 
homogenized in a Ten-Broek homogenizer with about 0.5 mL of PBS and 0.5 mL of 
methanol. The extract was sonicate for 30 sec and incubated at 48 °C overnight. To the 
cooled extract, 100 ul of 1M KOH in methanol was added, sonicated for 30 sec, and 
saponified by incubation at 37 °C for 2hrs. The solution was then neutralized with glacial 
acetic acid and 3 mL of chloroform/H^O (1:2, v/v) was added and the mixture was vortexed. 
Phases were separated by centrifugation for 10 min and the lower organic phase was 
containing the ceramides was recovered and concentration by evaporation under a stream of 
N2 gas. The dried sample was dissolved in 1 mL of HPLC grade acetonitrile, and silylated 
by incubating at 70 °C for 20 min after the addition of 70 uL of N,0-Bis(trimethyl-
silyl)trifluoroacetamide containing 1% trimethylchlorosilane (Sigma Chemical C , St. Louis, 
MO). After evaporating the excess reagents under a stream of N2 gas, the silylated sample 
was dissolved in hexane for GC-MS analysis. GC was performed with a 30 m long, 0.32 mm 
i.d., fused silica capillary column (HP-5, Agilent Technologies). Ceramides were identified 
and analyzed by their characteristic mass-spectrum as described in Raith et al., (2000). 
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Figure 1. RNA gel-blot analysis of gl8 transcripts. Each lane contains 15 ug of RNA 
extracted from the aerial portions of 7-day-old seedlings of the inbred line B73 or 
homozygous for one of the five indicated gl8a mutants. RNA gel blots were hybridized with 
a 32P-labeled probe from clone pGAB23. Ethidium bromide stained 26S rRNAs are shown 
below. 
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gl8a: X1512-38 
gl8b: 7.5-1-1 
gl8a::GUS(pBKAR) 
gl8a-Mu 88-3142 gl8a-Mu 77-3134 gl8a-Mu 75-5075 
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I pirn 
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gl8b::OUS (pBBUS) 
gl8b-Mu BT94-149 pGAB23 
lkb 
Figure 2. Structures of the gl8a and gl8b genes. 
The percent sequence identity is indicated for each region of the gl8a (clone • 1538-12) and 
gl8b (clone D5-1-1) genes. NS, no regions of identity according to the BESTFIT algorithm 
in the GCG software package (version 10.0-Unix, from the Genetics Computer Group, 
Madison, Wisconsin) with a gap creation penalty of 50 and a gap extension penalty of three. 
Mu transposon insertion sites for alleles gl8a-Mu 88-3142, gl8a-Mu 77-3134, gl8a-Mu 75-
5074, and gl8b-Mu BT94-149 sites are indicated by triangles. Regions used in the 
promoter::GUS fusion constructs gl8a::GUS (pBKAR) and gl8b::GUS (pBBUS), the gl8b-
specific probe IAS 12, and pGAB23 are indicated. pGAB32 is derived via PCR amplification 
of the gl8a cDNA (pgl8) and thus contains only those regions indicated by the line. 
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Figure 3. Effects of gl8a and g7#Z> mutations on epicuticular wax deposition. SEM images at 
5000X magnification from the adaxial surface of the second leaves from 10-day-old 
seedlings. Images are from a wild-type plant, a plant homozygous for gl8b-Mu BT94-149, 
and a plant homozygous for gl8a-Mu 88-3142. 
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Figure 4. Composition of the cuticular waxes of seeding leaves. A and B. Cuticular waxes 
were extracted and analyzed from wild type ( I j ) , gl8b-Mu BT94-149 (pi ) and gl8a-Mu 77-
3134 ( | | ) seedling leaves as described in the Materials and Methods. Analyses were conducted 
in triplicate and the average (± standard deviation) is shown. C. The effect of the gl8a and gl8b 
mutations on the mole proportion of the cuticular wax components: alcohols (M), aldehydes dj ) , 
alkanes (JJ), methylketones (|J), fatty acids q_|) and esters (jj). D. The effect of the gl8a and 
gl8b mutations on the carbon chain lengths of all cuticular wax components: 
c„+c12 (Q), c13+c14 ( | ) , c15+c16 Q ) , c17+c18 (Q), c^+c^ Q), c21+c22 (Q), c^+c^ < | ) , 
C29+C30 Q'..l)( C31+C32 ([]),C33+C34([]). 
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Figure 4. Dietrich et al.. 
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Figure 5. Accumulation of gl8a and g/56 mRNAs in various maize organs. Each lane 
contains approximately 10 ug of RNA. RNA gel blots were hybridized with a 32P-labeled 
probe from clone pGAB23. (A), the hybridization signal detected in B73 measures the 
accumulation of both the gl8a and gl8b mRNAs; (B), the hybridization signal detected in 
gl8a-Mu 91gl59 homozygotes measures the accumulation of gl8b mRNA ; (C), the 
hybridization signal detected in gl8b-Mu BT94-149 homozygotes measures the accumulation 
of gl8a mRNA; (D), aerial portions of 10-day-old B73 seedlings separated into expanded and 
unexpanded leaf samples. Ethidium bromide stained 26S rRNAs are shown below each 
RNA gel blot. 
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Figure 6. Histochemical staining of gl8a::GUS expression. All images are from plants 
hemizygous for g/&z:.G!£/«S'transgene. Cross section through coleoptile and inner leaf from 
7-day-old seedling (A). Portion of the primary root from a seven-day-old seedling (B). 
Arrows indicate regions of high GUS activity in the root meristem and portion of the root 
nearest the pericycle. Base of silk from mature unpollinated ear (C). The spot indicated by 
the arrow is the tip of the posterior carpel. Dissected anther containing pollen segregating 1:1 
for the transgene (D). GUS staining patterns for gl8b::GUS transgene are indistinguishable 
from the staining patterns obtained from gl8a::GUS. 
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Figure 7. Tissue distribution of gl8a and gl8b mRNAs. Histological sections were 
hybridized with probes consisting of either antisense RNA (A-C, G-I) or control sense RNA 
(D-F, J-L) from the gl8a cDNA clone pGAB23. Cross section through coleoptile and inner 
leaves of seven-day-old seedling from B73 (A, D), homozygous for gl8a-Mu 91gl59 in 
which only gl8b mRNA accumulates (B, E), and gl8b-Mu BT94-149 in which only gl8a 
mRNA accumulates (C, F). Longitudinal section through embryo axis of a B73 kernel 
following 48 hrs of imbibition (G, J). Cross section through primary root tip from B73 48 
hrs after imbibition (H, K). Longitudinal section through immature ear and pistillate 
spikelets from nonmutant Ky21 plant (I, L). 
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Figure 9. Effects of the gl8a and gl8b mutations on the accumulation of kernel fatty acids 
and ceramides. (A) Total fatty acids were extracted and analyzed from wild type (Wt), gl8a-
Mu 77-3134 (gl8a) and gl8b-Mu BT94-149 (gl8b) kernels as described in the Materials and 
Methods. Fatty acids of carbon chain length <20 (non-shaded area) and >18 (black shaded 
area) are indicated. (B) Ceramides were extracted and analyzed from wild type (Wt), gl8a-
Mu 77-3134 (gl8a) and gl8b-Mu BT94-149 (gl8b) kernels as described in the Materials and 
Methods. Ceramides containing fatty acids of carbon chain length <20 (non-shaded area) 
and >18 (black shaded area) are indicated. All analyses were conducted in triplicate and the 
average (+ standard deviation) is shown. 
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CHAPTER 5: ORGAN-SPECIFIC CHEMICAL CHARACTERIZATION OF THE 
EFFECT OF MUTATIONS IN TWO GL8 PARALOGS REVEALS THE ROLE OF 
FATTY ACID ELONGATION IN DETERMINING CUTICULAR WAX 
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Abstract 
In plants, one of the major fates of fatty acids that are longer than 20-carbons 
is in the biosynthesis of cuticular wax components. These fatty acids are produced by the 
elongation of pre-existing fatty acids, in a reaction catalyzed by an endoplasmic reticulum 
localized enzyme system that is thought to be composed of at least four components. The 
gl8a gene of maize codes for archetypal 3-ketoacyl-CoA reductase (KCR) component of this 
fatty acid elongase system. Molecular characterization indicates that the maize genome 
contains two highly homologous KCR-coding genes, gl8a and gl8b. Despite the near 
identical sequence of these two paralogous genes, mutations in each gene have different 
effects on the cuticular waxes that accumulate on different organs of the maize plant. In this 
study we have analyzed the effect of the gl8a and gl8b mutation on the constituents of the 
cuticular waxes of five different maize organs, pollen, mature leaf, husk, silk and immature 
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ears. These analyses indicate that mutations in each gene have different effects on the 
amount of cuticular wax that is deposited on the different organs. However, the relative 
compositional change associated with each mutation is less distinguishable from the different 
organs. These analyses may indicate that the organ-specific differential effect of the gl8a 
and gl8b mutations may be a reflection of the level at which each gene is expressed in the 
different organs examined. 
Introduction 
Fatty acids can be biosynthesized via two distinct processes, either de novo biosynthesis 
from acetyl-CoA, or via the elongation of preexisting fatty acids. In plants these are distinct 
processes that occur in different subcellular compartments, using different substrate carriers, 
and thus, generate different products (von Wettstein-Knowles, 1982). Specifically, 16- and 
18-carbon fatty acids are products of the de novo fatty acid biosynthetic process that occurs 
in plastids, which uses a Type II, dissociable fatty acid synthase. The intermediate substrates 
of this process are carried as thioesters bonded to the phosphopantethene group acyl carrier 
protein. Fatty acid elongation occurs in the endoplasmic reticulum using acyl-CoA 
intermediates and generates fatty acids of 20 carbons and longer. Despite these differences 
between de novo fatty acid biosynthesis and fatty acid elongation, both processes use the 
same enzyme mechanism. Specifically, the cyclical condensation of a precursor acyl-
thioester with a malonyl group to form a 3-keto acid intermediate that is sequentially 
reduced, dehydrated and finally reduced to form an acyl-thioester that is 2-carbons longer 
than the precursor. 
Although the enzymes and genes for de novo fatty acid biosynthesis have been well 
characterized since the 1970s, this is not the case for fatty acid elongation. To date, only 
three of the four enzyme components of fatty acid elongation are known. These are the 3-
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ketoacyl-CoA synthase (KCS) (James et al., 1995; Lassner et al., 1996), 3-ketoacyl-CoA 
reductase (KCR) (Xu et al., 1997; Beaudoin et al., 2002), and enoyl-CoA reductase 
(Kohlwein et al., 2001); (Gable et al., 2004). 
In higher plants fatty acids that are longer than 20-carbons (VLCFA) have several 
metabolic fates. These include membrane lipids (Leonard et al., 2004), the seed oils of a 
discreet number of species particularly in the Brasicacea, (Millar et al., 1998), the ceramide 
moiety of sphingolipids (Dittrich et al., 1998), and cuticular waxes (Rashotte et al., 2001) 
(Bianchi et al., 1982). Cuticular waxes are probably the most ubiquitous VLCFA-containing 
material in the plant kingdom, being associated with the aerial parts of all terrestrial plants. 
Hence, cuticular waxes probably represent the largest sink for VLCFAs in the plant kingdom. 
VLCFAs are incorporated into cuticular waxes after additional modification via one of 
three pathways: the reductive pathway, the decarbonylation pathway and the /3-keto acyl 
elongation pathway (Post-Beittenmiller, 1996). The reductive pathway generates aldehydes, 
alcohols and esters; the decarbonylation pathway uses aldehydes sequentially to generate 
alkanes, secondary alcohols, and ketones; and the /3-keto acyl elongation pathway generates 
oxygenated products. These complex metabolic processes are thought to uniquely occur in 
the epidermal cells of plants. Although biochemical studies have provided the skeleton of 
the metabolic processes that underlie the biosynthesis of this lipid mixture, the genetic and 
biochemical regulation of this process is poorly understood. A number of mutant collections 
that affect the normal accumulation of cuticular waxes are available for elucidating the 
molecular genetic regulation of cuticular wax biosynthesis. These include an extensive 
mutant collection in Arabidopsis, the cer mutants (Jenks et al., 1995); in barley, the cer-cqu 
mutants (von-Weittstein-Knowles, 1986); and in maize, the glossy mutants (Schnable et al., 
1994; Dietrich, 2002). 
161 
Indeed, molecular characterizations of one of the maize glossy mutants, gl8a, led to the 
identification of the KCR component of fatty acid elongase (Xu et al., 1997; Xu et al., 2002). 
Additional molecular characterizations enabled us to identify a paralogous KCR-encoding 
gene, gl8b (Dietrich et al., 2005). This study was conducted to investigate the role of the two 
paralogous genes, gl8a and gl8b in cuticular wax biosynthesis. In the experiments described 
herein we compared the cuticular waxes isolated from five different organs (mature leaves, 
husk, silks, pollen and ears) of maize plants are homozygous for wild type, gl8a or gl8b 
mutant alleles. These experiments seek to address the question 'are there distinguishable 
differences in the cuticular waxes that are formed from fatty acid elongase that use the KCR 
component that is derived from either the gl8a or gl8b paralogous genes'. These analyses 
extend the prior work that was conducted on seedling leaves of these stocks, and establishes 
distinguishable differences among the two KCR paralogs in cuticular wax biosynthesis. 
Results 
We have previously reported the identification and characterization of two paralogous 
maize genes that code for the KCR component of fatty acid elongase, gl8a and gl8b (Dietrich 
et al., 2005). Genetic characterizations of stocks carrying mutations in each individual KCR-
coding gene and a stock carrying mutation in both KCR-genes (i.e., gl8a, gl8b double 
mutant) established that the KCR-function is essential for maize embryogenesis. 
Biochemical characterizations of kernels from these genetic stocks indicate that in the gl8a, 
gl8b double mutant the failure to successfully undergo embryogenesis is due to the inability 
to synthesize fatty acids of 20-carbons and longer (i.e., VLCFAs) (Dietrich et al., 2005). 
Moreover, lipid analyses of these gl8, gl8b double mutant kernels, and the fact that 
sphingolipids have been shown to be essential in yeast (Han et al , 2002), indicate that the 
essential VLCFA-containing molecule that is required for embryogenesis is probably the 
ceramide moiety of sphingolipids. 
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To gain a better understanding of the function of the individual KCR-coding paralogs 
in fatty acid elongation and cuticular wax deposition, we have analyzed the effect o£gl8a and 
gl8b mutations on the accumulation of these constituents on a variety of maize organs. Initial 
analysis has shown that although a mutation in the gl8b locus reduces cuticular wax 
deposition on seedling leaves, this reduction is not as pronounced as in the gl8a mutant 
(Dietrich et al., 2005). Thus, whereas gl8a presents a glossy phenotype, gl8b does not 
(Dietrich et al., 2005). In this study, we expand these biochemical characterizations by 
analyzing the effect of each mutation on the deposition and composition of cuticular waxes 
on the surface of five additional organs of the maize plant. 
The cuticular wax analyses were performed on the gl8a-ref and gl8b-ref alleles and in 
this publication they are referred to as gl8a and gl8b respectively. The gl8a allele was first 
identified in 1935 (Emerson et al., 1935) and it was molecularly characterized (Xu et al., 
1997). More recently, the gl8b locus was initially identified molecularly and subsequently a 
Mutator induced mutant allele was isolated (Dietrich et al., 2005). 
To biochemically analyze the effect of the gl8a and gl8b mutations on cuticular wax 
deposition, plants that were homozygous for each of the mutant alleles and that had been 
back-crossed to common control maize inbred, B73, were grown side by side with the inbred 
B73. Individual organs were harvested, and cuticular waxes were extracted by a commonly 
used protocol that we have optimized for maize (Perera et al., 2005). Specifically, different 
organs were collected from field-grown maize plants: pollen, mature leaves (the leaf attached 
to the second ear), husks (the second outer most husk), silks (that which had extruded from 
the ear), and immature ears (without any silk or husk). Cuticular waxes were extracted from 
these organs immediately upon harvesting, and analyzed by GCMS. 
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Effect of the gl8a and gl8b mutations on cuticular wax accumulation 
Our previous analyses of the cuticular waxes that accumulate on seedling leaves 
indicate that the gl8a mutation has a considerably more pronounced effect on reducing the 
accumulation of these constituents than the gl8b mutation (Dietrich et al., 2005). The studies 
presented herein that analyzed cuticular waxes of additional organs indicate this pattern is 
maintained on husks and mature leaves, but not on ears, silks and pollen (Figs. 1-5). Thus, on 
husks (Fig. 1) and mature leaves (Fig. 2), the gl8a mutation reduced cuticular wax 
accumulation to about 10% of wild type levels, but the gl8b mutation reduced accumulation 
to only 60% of wild type levels. In contrast, the effect of these two mutations is opposite in 
ears (Fig. 3), silk (Fig. 4) and pollen (Fig. 5), with the gl8a mutation having little or no effect 
on the accumulation of cuticular waxes, whereas gl8b mutation reduced accumulation to 
about 25% of wild-type levels. 
Effect of the gl8a and gl8b mutations on the accumulation of different chemical class 
constituents 
Despite the quantitative difference on the amount of cuticular waxes that accumulate 
on different organs of the gl8a and gl8b mutants, with one exception, these two mutations did 
not change the relative proportion of the different chemical classes that accumulated in the 
waxes of the different organs. This is despite the fact that there is considerable variation in 
the chemical classes of compounds that accumulate in the cuticular waxes of the different 
organs (Perera et al., 2005). Thus, the relative proportions of the chemical classes that 
accumulate in waxes of mature leaves (Fig. 2B), ears (Fig. 3B), silks (Fig. 4B) and pollen 
(Fig. 5B) are nearly indistinguishable among the wild type, gl8a and gl8b plants. The 
exception to this is the wax of husks (Fig. IB). On this organ, either mutation greatly 
reduces the accumulation of the aldehydes, ketones, alkenes and esters, and thus, in both the 
gl8a and gl8b mutants, husk waxes are primarily composed of alkanes. 
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In combination, these observations suggest that the gl8a- and g/56-coding KCRs have 
functions in fatty acid elongation that change with the organ-context in which these genes are 
expressed. In mature leaves, ears, silk and pollen, both gl8a and gl8b can substitute for the 
absence of the other KCR-coding paralogs, in terms of elongating fatty acids that are 
destined for different end-product chemical classes. Thus, the concept that different elongase 
complexes feed different VLCFA-modification pathways cannot be differentiated in terms of 
the KCR-function. But in husks, this appears to be the case only in the alkane biosynthetic 
track. Thus, gl8a and gl8b can substitute for each other only in the fatty acid elongation 
pathway that feeds alkane biosynthesis, but the absence of either gl8a- or g/5Z?-encoding 
KCR affects the fatty acid elongation pathway(s) that are destined for the biosynthesis of 
aldehydes, ketones, alkenes and esters. 
Effect of gl8a and gl8b mutations on the carbon-chain lengths of cuticular wax 
components 
Depending upon the organ that is examined the absence of the gl8a- and gl8b-
encoding KCR has a different effect on the carbon-chain lengths of the cuticular wax 
components. In the wild type state the cuticular wax components are primarily derived from 
between 26- and 32-carbon acyl constituents. Based upon the effect of the gl8a or gl8b 
mutations on the carbon-chain length distributions of the cuticular wax components, the five 
organs examined could be grouped into three classes. Specifically, either both mutants 
preferentially reduce the accumulation of the longest chain length constituents (i.e., those of 
between 26 and 32 carbons), or only the gl8a mutation has this effect, or both mutations 
proportionally decrease the abundance of all chain length constituents. Thus, the cuticular 
wax components that accumulate on husks of both the gl8a and the gl8b mutant are 
preferentially of shorter carbon-chain lengths than in the wild type (Fig. 6). 
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But, as previously found in seedlings leaves (Dietrich et al., 2005), in husks and 
mature leaves (Fig. 7) the gl8a mutation (but not the gl8b mutation) preferencially decreases 
the accumulation of the fully elongated products of cuticular waxes. 
In ears (Fig. 8), silks (Fig. 9) and pollen (Fig. 10) neither of the gl8a or gl8b 
mutations greatly affected the relative distribution of the carbon-chain lengths of the various 
cuticular wax components. Thus, in all three of these organs, the majority of these 
components were of between 27- and 32-carbon chain lengths, independent of whether these 
organs were from wild type, gl8a or gl8b mutant stocks. 
Summary 
The gl8a and gl8b genes encode near identical proteins; there are only 11 
conservative differences among 326 residues between the two gene products (Dietrich et al., 
2005). Thus, both proteins would be expected to catalyze the same biochemical function, the 
reduction of the 3-ketoacyl-CoA intermediate of fatty acid elongation (Xu et al., 2002). Yet 
mutations that eliminate either paralog have different effects on the cuticular waxes that 
accumulate on different maize organs. These organ-specific differences are both in terms of 
the total quantity of cuticular wax that is deposited on each organ, and also in terms of 
compositional changes in the remaining wax. The latter, affects both the proportional 
abundance of different chemical classes, as well as affecting the carbon chain lengths of the 
cuticular wax constituents. Because the gl8a- and g/56-encoded KCRs are near identical in 
sequence its difficult to ascribe some of these organ specific changes based solely on 
different catalytic properties of the different gene products. Some of these organ-specific 
biochemical effects of each mutation probably reflect quantitative organ-specific differences 
in the expression of the gl8a and gl8b genes. Thus, the large decrease in cuticular wax load 
associated with the gl8a mutation, but not with the gl8b mutation, on seedling leaves, husks 
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and mature leaves, probably reflects the fact that in these organs the gl8a gene is expressed at 
a higher level than the gl8b gene. And by corollary, the large decrease in cuticular wax load 
associated with the gl8b mutation, but not with the gl8a mutation, on ears, silk and pollen 
probably reflects the fact that in these organs the gl8b gene is expressed at a higher level than 
the gl8a gene. Although this hypothesis could not be directly tested by measuring the 
expression of each gene in these organs at the protein level, it should be possible to do this at 
the mRNA level, using a gene-specific RT-PCR assay. 
The organ-specific compositional changes associated with each mutant are rather 
more difficult to explain by differences in expression levels between gl8a and gl8b. These 
may be associated with biochemical differences between the gl8a- and g/56-encoded KCR. 
But as pointed out above this is difficult to envision with only 11 differences, among 326 
residues, between the 2 KCR proteins. Alternatively, the organ-specific compositional 
differences between the gl8a and gl8b mutants may reflect the different context, in which 
each KCR is expressed, i.e., there are organ specific differences in the expression of the other 
components of the fatty acid elongase. Although this latter hypothesis cannot be tested until 
those other components of the elongase are identified in maize (and to this end the fact that 
we have recently identified gl26 as the enoyl-CoA reductase may ultimately enable us to test 
this hypothesis), we have established a yeast heterologous expression system for testing the 
hypothesis, that the gl8a- and g7S6-encoding KCRs have different biochemical properties 
(Perera, et al., 2005). 
Materials and Methods 
Plant materials for the cuticular wax extraction were obtained from field grown 
inbred B73 (wild type), gl8a-ref allele and gl8a-ref allele. 
Chromatographic analysis was performed with a gas chromatograph (Model 6890 
series, Agilent Technologies, Palo Alto, CA), equipped with a mass detector Model 5973 
167 
(Agilent Technologies, Palo Alto, CA). Chromatography was conducted with HP-5MS cross-
linked (5%)-diphenyl-(95%)-dimethyl polysiloxane column (30 m length, 0.25 mm I.D.), 
using helium as the carrier gas. The injection temperature was at 300 °C. The oven 
temperature was initially at 80 °C and was increased to 260 °C at a rate of 5 °C/min. After 
holding this temperature for 10 minutes, it was ramped to 320 °C at a rate of 5 °C/ min and 
held there for 30 min. Peak identification was facilitated by using the HP enhanced chemical 
analysis software G1701BA version B.01.00 with Windows NT™ operating system. 
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Figure 1. Effect of the gl8a and gl8b mutations on the cuticular waxes of husk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. The numerical data are presented in Table 5.1. 
The effect of the gl8a and gl8b mutations on the absolute amounts (A), and mole proportion 
(B) of the cuticular wax chemical classes: methylketones,'...:; alkanes, U; alkenes, H; 
esters, D; and aldehydes, Li 
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Figure 2. Effect of the gl8a and gl8b mutations on the cuticular waxes of mature leaves. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as 
described in the Materials and methods. The numerical data are presented in Table 5.2. 
The effect of the gl8a and gl8b mutations on the absolute amounts (A), and mole proportion 
(B) of the cuticular wax chemical classes: methylketones, ; alkanes, I ; esters I ; and 
aldehydes,! • 
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Figure 3. Effect of the gl8a and gl8b mutations on the cuticular waxes of ear. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. The numerical data are presented in Table 5.3. 
The effect of the gl8a and gl8b mutations on the absolute amounts (A), and mole proportion 
(B) of the cuticular wax chemical classes: methylketones,; ; alkanes, D; alkenes, | . 
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Figure 4. Effect of the gl8a and gl8b mutations on the cuticular waxes of silk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. The numerical data are presented in Table 5.4. 
The effect of the gl8a and gl8b mutations on the absolute amounts (A), and mole proportion 
(B) of the cuticular wax chemical classes: saturated methylketones, ; unsaturated 
methylketones, ; alkanes, D; alkenes (6), | ;alkenes (4), 0; alkenes (9),f§; dienes . 
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Figure 5. Effect of the gl8a and gl8b mutations on the cuticular waxes of pollen. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. The numerical data are presented in Table 5.5. 
The effect of the gl8a and gl8b mutations on the absolute amounts (A), and mole proportion 
(B) of the cuticular wax chemical classes: saturated methylketones, ; unsaturated 
methylketones, f ; alkanes, | ; alkenes (6), H ;alkenes (4), [H; alkenes (9),§; dienes 
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Figure 6. Effect of the gl8a and gl8h mutations on the cuticular waxes of husk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. 
The effect of the gl8a and gl8h mutations on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion, C19 + C20, U; C21 + C22, ; 
C23 + C24, ; C25 + C26, ; C27 + C28, • ; C29 + C30, l._i; and C31 + C32, U . 
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Figure 7. Effect of the gl8a and gl8b mutations on the cuticular waxes of mature leaves. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as 
described in the Materials and methods. 
The effect of the gl8a and gl8b mutations on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion, C19 + C20, U; C21 + C22, ; 
C23 + C24, ;C25 + C26, ;C27 + C28, • ; C29 + C30, U; and C31+ C32, U. 
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Figure 8. Effect of the gl8a and gl8b mutations on the cuticular waxes of ear. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and methods. 
The effect of the gl8a and gl8b mutations on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion, C19 + C20, • ; C21 + C22, ; 
C23 + C24, ; C25 + C26, ; C27 + C28,1; C29 + C30,1; and C31 + C32,1. 
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Figure 9. Effect of the gl8a and gl8b mutations on the cuticular waxes of silk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and Methods. 
The effect of the gl8a and gl8b mutations on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion, C21 + C22, ; C23 + C24, ; 
C25 + C2e (unsaturated), ; C25 + C26, ; C27 + C2g (unsaturated), H; C27 + C2s, 1 ; 
C29 + C30, (unsaturated) M; C29 + C30 i J ; and C31 + C32 (unsaturated), H; C31 + C32,D. 
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Figure 10. Effect of the gl8a and gl8b mutations on the cuticular waxes of pollen. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and gl8b mutants as described in 
the Materials and Methods. 
The effect of the gl8a and gl8b mutations on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion, C21 + C22, ; C23 + C24, ?_•'!; 
C25 + C26 (unsaturated), H; C25 + C26,U; C27 + C28 (unsaturated), @; C27 + C2g, I ; 
C29 + C30, (unsaturated) H; C29 + C30D; and C31 + C32 (unsaturated), B; C31 + C32,D. 
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Abstract 
Three of the four components that are thought to constitute the fatty acid elongase 
complex have been identified. In maize, the ketoacyl reductase (KCR) component is encoded 
by two paralogous genes, gl8a and gl8b. To elucidate the nature of the membrane bound 
elongase complex, we have characterized yeast strains that express individually or in 
combination gl8a, and two ketoacyl synthase paralogs (zmKCSl and zmKCSl 3). The strains 
expressing the g/&z-encoded KCR or zmKCSl gain the ability to accumulate novel and 
distinct VLCFAs. When coexpressed in yeast, zmKCSl and gl8a, or zmKCSl 3 and gl8a, 
show an epistatic relationship. Lipid analysis reveals that the novel very long chain fatty 
acids up to 32-carbon chain length that accumulate in the recombinant strains are 
incorporated into both phospholipids and sphingolipids. These results indicate that the maize 
fatty acyl-CoA elongase can be reconstituted in yeast. Moreover, these results indicate that 
the products of the fatty acyl-CoA elongase are dependent on the properties of both the KCS 
and KCR components. 
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Introduction 
In biological systems fatty acids serve at least three interrelated functions. They have 
a structural function as components of cellular membranes, a signaling function for 
transducing inter- and intra-cellular metabolic status information, and a carbon/energy 
storage function (Shank et al., 2001). An assortment of different fatty acids provides a 
diversity of structures for achieving these diverse functions. Structural diversity in fatty 
acids can be achieved by either alterations in alkyl chain length of the molecule, or via 
chemical modification of the alkyl-chain (e.g., introduction of single or multiple double 
bonds). The above supposition is supported by the findings that distinct fatty acid 
compositions occur in different cellular and subcellular locations probably reflecting 
different functionalities of fatty acids. 
One of the structural variables that can affect functionality of fatty acids is the length 
of the alkyl-chains (Leonard et al., 2004). Moreover, in plants, fatty acids can be 
biosynthetically classified into two groups according to chain length. Thus, de novo fatty 
acid biosynthesis that occurs in plastids can generate molecules of 18-carbon chain lengths, 
and elongation of these fatty acids on cytosolic membranes, to greater chain lengths, 
generates very long chain fatty acids (VLCFAs) in the cytosol. In mammals, polyunsaturated 
VLCFAs are found in sphingolipids and phospholipids (Dittrich et al., 1998; Leonard et al., 
2004). In plants, VLCFAs are rarer, occurring in storage lipids of some species (e.g., 
triglycerides ofBrassicaceae and wax esters of jojoba), and in sphingolipids and cuticular 
waxes (Lynch, 1993). In yeast, VLCFAs are known as an essential moiety of sphingolipids 
(Han et al., 2002), although the exact mechanism of the essentiality of these set of molecules 
is still unknown. 
VLCFAs are produced by the elongation of preexisting medium-chain fatty acids 
(Anderson and Kolattukudy, 1985). Thus, the elongation process is catalyzed by a multi 
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enzyme system called fatty acid elongase, which is independent from the de novo fatty acid 
synthase (FAS). Although a distinct enzyme, elongases function similarly to fatty acid 
synthases in that both enzymes achieve their biochemical transformation by the sequential 
operation of a cyclical series of four reactions: 1) 3-ketoacyl synthesis; 2) 3-ketoacyl 
reduction; 3) 3-hydroxyacyl dehydration and 4) enoyl reduction. Two differences distinguish 
fatty acid synthases from fatty acid elongases; 1) the use of different priming substrates, and 
2) the nature of the molecule that carries the intermediates of these reactions. Thus, 
elongases use medium chain fatty acyl-CoAs of 14 to 18 carbon-chain lengths as the priming 
substrates, whereas fatty acid synthases use acetyl-CoA. In addition, elongases carry the 
intermediate-reactants as CoA-thioesters, while fatty acid synthases use a protein-bound 
pantetheine group to carry these intermediates. 
Genes encoding several of components of fatty acid elongases have been identified. 
Specifically, characterization of the fael and cer6 mutants of Arabidopsis resulted in the 
isolation of genes encoding the 3-ketoacyl-CoA synthase (KCS) component of the elongase 
(James et al., 1995; Lassner et al., 1996; Millar et al, 1999; Todd et al., 1999; Fiebig et al., 
2000). Similarly, molecular characterization of the maize gl8 mutant resulted in the 
identification of the second component of the fatty acid elongase, the 3-ketoacyl-CoA 
reductase (Xu et al., 1997; Xu et al., 2002). A gene encoding this enzyme has also been 
identified in Arabidopsis by DNA sequence similarity (Gable et al., 2004)and subsequently 
shown to complement a yeast mutant that lacks 3-ketoacyl-CoA reductase activity (YBR159) 
(Beaudoin et al., 2002). The enoyl reductase component of the fatty acid elongase has been 
characterized from yeast (TSC13) (Kohlwein et al., 2001), and Arabidopsis (Gable et al., 
2004). 
In maize, the KCR component of fatty acid elongase appears to be encoded by two 
paralogous genes, termed gl8a and gl8b (Dietrich et al., 2005). To begin the characterization 
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of the biochemical differences between the KCR isozymes encoded by these two paralogous 
genes, we investigated the potential of expressing the maize KCR in a heterologous system, 
the yeast Saccharomyces cerevsiae. Surprisingly, this expression resulted in the finding that 
the KCR component of fatty acid elongase system has a role in determining the extent of 
fatty acid elongation that can be achieved by the elongase enzyme system. 
Results 
Expression ofglSa in yeast 
Our previous molecular genetic and biochemical studies established that two highly 
homologous genes, which are termed gl8a and gl8b, encode the KCR component of the fatty 
acid elongase of maize (Xu et al., 2002; Dietrich et al., 2005).These two genes code for 
proteins that are over 97% identical in amino acid sequence. Their identity as the KCR 
component of the elongase was based upon sequence similarity to a class of enzymes that 
catalyze the reduction of a carbonyl group, and to the fact that in an in vitro assay antisera 
directed against the recombinant GL8a protein inhibited fatty acid elongase activity. To 
further expand upon these initial characterizations and to explore the functional consequence 
of KCS and KCR gene redundancies, we expressed the g/&z-encoded KCR in a heterologous 
system of yeast S. cereviciae. The gl8a cDNA was cloned into the yeast expression vector, 
pYX043. In this construct the expression of the maize gl8a sequence is under the 
transcriptional control of the galactose-inducible GAL1 promoter. This GALl::gl8a chimeric 
gene was integrated into the INT locus of the yeast strain aD273, an event selected for by the 
loss of leucine auxotrophy due to the cointegration of the linked LEU2 gene. 
To confirm that the integrated GALl::gl8a gene was expressed, protein extracts from 
isogenic control and recombinant yeast strains grown in the absence or presence of the 
galactose inducer were subjected to western blot analyses using a polyclonal antiserum 
generated against maize GL8a protein. Figure 1 shows a typical result of such an experiment 
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that illustrates the detection of an immunologically reactive 32-kDa polypeptide that 
accumulates in the recombinant strain, but not in the control strain, when these strains are 
grown in the presence of the galactose inducer. The accumulation of this protein increased 
with the time of induction, reaching a maximum by 16-hours after switching to the galactose 
medium. The close agreement of the expected apparent molecular weight and the fact that 
this polypeptide cross-reacts with the anti-G18a antiserum indicates that this recombinant 
yeast strain is expressing the maize g/dta-encoded KCR. 
Effect of expressing gl8a on the fatty acid content and composition of S. cereviciae 
The effect of expressing the g75a-encoded KCR on fatty acid accumulation was 
determined by extracting lipids (Bligh and Dyer, 1959) from the appropriate yeast strains and 
analyzing the associated fatty acids as methyl-esters via GCMS. Figure 2 shows the 
chromatogram of the control yeast strain ocD273 (panel A) and the isogenic recombinant 
strain expressing the GALl::gl8a transgene (panel B). Cursory comparison of these two 
chromatograms reveal the obvious g75a-mediated induction of a novel set of fatty acids that 
either accumulate to low levels or are undetectable in the control strain. Each of the fatty 
acid methyl esters was identified via a combination of comparison with authentic standards 
and by interpretation of mass spectra. These analyses established that g/#a-mediated the 
hyperaccumulation of VLCFAs, from 20-carbon chain lengths to 32-carbon chain lengths. 
As illustrated in Figures 2A and 3, yeast normally accumulates predominantly 16- and 18-
carbon fatty acids, and VLCFAs account for a small proportion of the fatty acid pool. 
Quantification of the chromatographic data that is presented in Figure 2 indicate that in both 
the control strain and in the GALLvg/(!to-transgenic strain, prior to galactose-induction 
VLCFAs account for about 5% of the fatty acids, and these are predominantly of 24 and 26-
carbons in chain length. Upon galactose-induction of the expression of the g7#a-encoded 
KCR, both the fatty acid content and the fatty acid composition of the transgenic strain 
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changed relative to the isogenic control strain. Fatty acid content nearly doubled upon 
induction of gl8a expression; and in terms of fatty acid composition, VLCFAs accounted for 
a larger proportion (about 35%) of the total fatty acid content of the strain. In addition, the 
expression of gl8a also affected the accumulation of certain normally occurring fatty acids. 
Specifically, the monounsaturated fatty acids, palmitoleic and oleic acids, nearly doubled in 
abundance, but the abundance of 20:0 and an undefined isomer of 18:1 was considerably 
reduced. Detailed examination of the time-course of this g/Sa-induced change in fatty acid 
content and composition indicates that these changes occur within 5-h after switching into a 
galactose medium (Fig. 4), in line with the induced accumulation of the GL8a protein (Fig. 
1). Although fatty acid content appears to also increases in the control strain upon switching 
to the galactose medium, the increase is only by about 30%, and is not associated with the 
hyperaccumulation of VLCFAs. 
To test whether the VLCFA-chemotype described in Figures 2-4 is due to the 
GALl::gl8a transgene, the transgenic strain was crossed to the congenic wild-type strain 
(aD273) and meiotic progeny were isolated. The resulting tetrads were analyzed for their 
chemotype. The spores in the chemically analyzed tetrad show the two spores that grew on 
selective media without leucine have the fatty acid profile with longer chains up to 32-
carbons while the other two spores do not (Fig. 5). The growth curves of these spores grown 
in selective media confirm the observation that the transgenic strain grows the same as the 
non-transgenic strains (Fig. 6). 
The effect of gl8a expression on phospholipid accumulation 
To investigate the fate of these newly elongated VLCFAs in the GALl::gl8a 
transgenic yeast strain, lipids were isolated and analyzed via HPLC (Fig. 7). Peaks were 
identified by comparing the retention times to known lipid standards. As indicated in prior 
studies (Rose and Harrison, 1989), the lipids in the wild-type control strain comprised 
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primarily phosphotidyl choline (PC), phosphotidyl ethanolamine (PE), phosphotidyl inositol 
(PI) (Fig. 7A). Parallel analyses of the GALl::gl8a transgenic yeast strain indicates that the 
expression of g/dto-encoding KCR induces a change in the lipid constituents of the yeast (Fig. 
7B). Specifically, the accumulation of a novel phospholipid, phosphatidyl glycerol (PG), 
which is undetectable in the wild-type control-strain, becomes much more pronounced in the 
transgenic strain. 
To quantify these changes in the phospholipid constituents, the individual lipid 
classes were recovered following HPLC fractionation, and the fatty acid constituents 
analyzed via GCMS. The data from these analyses are presented in Figure 8. These data 
indicate that the major effect of expressing gl8a gene is the induction in the accumulation of 
PG, a phospholipid that normally accumulates to trace levels. Other more minor changes are 
a 30% increase in PE, a 3-fold increase in a fraction that contains cardiolipin (CL), 
phosphatidic acid (PA) and free fatty acids (FFA), and minor decreases (about 20%) in the 
accumulation of PC, PI and PS. Examination of the fatty acids associated with each of these 
phospholipids indicate that the VLCFAs that uniquely accumulate in the g/Sa-expressing 
strain (i.e., those of 28-carbons and longer) are specifically associated with the novel 
phospholipid that hyperaccumulates in this strain, PG (Fig. 9). These novel VLCFAs 
associated with the other lipids fractions that show increased accumulation in the gl8a-
expressing strain but are pre-existing within the control strain (CL, PA, FFA, PE). This may 
indicate that the changes in accumulation of these lipids are secondary to PG-
hyperaccumulation and not associated with a need to accommodate the occurrence of the 
novel VLCFAs. 
The effect of gl8a on ceramides 
Because in yeast sphingolipids are one of major metabolic fates of VLCFAs, and 
because these lipids were not recovered and analyzed by the extraction protocols used to 
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generate the data of presented in Figures 2-9, we specifically targeted their analysis. To 
ensure efficient recovery of sphingolipids, which are difficult to solubilize with an organic 
solvent, we used a procedure specifically targeted for the extraction of these lipids (Sullards 
and Merrill, 2001). Following mild base-hydrolysis to remove the esterified polar head-
group, the ceramide moieties of the sphingolipids were recovered and analyzed by GCMS. 
These analyses revealed that all ceramides consist of three different long-chain bases (LCBs), 
whose chemical nature is not as yet determined. However, all three LCBs were acylated with 
different fatty acids in the GALl::gl8a strain as compared to wild type control. As 
previously reported (Lester and Dickson, 1993), we found that in our wild-type control the 
recovered ceramides are acylated with VLCFAs that are hydroxylated at the 2-position, and 
have chain lengths of up to 26-carbons (Fig. 10). In contrast, the ceramides of the gl8a-
expressing strain are acylated with even longer-chain 2-hydroxy-fatty acids, and the amount 
of 24-carbon and 26-carbon VLCFAs associated with the ceramides is also increased (Fig. 
10). 
The effect of gl8a expression on growth of yeast 
Because the expression of the gl8a gene induced relatively dramatic alteration in the 
fatty acid and lipid constituents of the yeast, we ascertained whether this is associated with 
any alterations in the growth of the recombinant strain. This was ascertained by monitoring 
the growth curves of meiotic progeny from a diploid strain that either inherited or did not 
inherent the GALl::gl8a transgene (i.e., the same strains as those used in Fig. 5). Thus, 
following dilution into a galactose-containing medium to induce the expression of the 
transgene, there was no apparent difference in the growth curves of strains that are either 
expressing or not expressing the gl8a gene (Fig. 6). However, when cells at the identical 
stage of growth were examined microscopically, the g75a-expressing cells appeared larger 
that the control cells. To quantify this effect, a control strain and a GALLvg/Sa-transgenie 
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strain were grown in a galactose-containing medium, and 16-hours after induction, cells were 
viewed microscopically and their cross-section areas determined. The distribution of the 
cross-section area of 180 g/&z-expressing cells and 192 control cells is presented in Figure 
11. Although the modal distribution of these two strains is overlapping, the mean-cross 
section area of the g7&z-expressing strain is 95 pixels, while in the wild-type control strain; 
this cross section area has an average size of 62 pixels. This difference is statistically 
validated by two tailed student's t-test at p=0.05 (t = 5.4 > t(o.o5,366)= 1-9). 
The effect of coexpressing KCS with KCR 
To begin to reconstitute the multi-component fatty acid elongase system, we 
investigated the effect of co-expressing the KCR component (encoded by gl8a) with KCS 
components. Previous studies have established that in plants such as Arabidopsis KCS 
components are encoded by a gene family of about 20 individual members (Trenkamp et al., 
2004). The functional significance of such gene redundancy is as yet unclear, but one 
hypothesis is that the KCS component is important in selecting the fatty acid substrate that 
will be elongated, and thus are crucial in determining the products of the fatty acid elongase. 
Our own bioinformatics analyses of the maize ESTs that share sequence homology with the 
archetypal KCS (i.e., the Arabidopsis FAE1 gene) indicates that the maize genome may also 
encode at least 13 different KCS genes (Dietrich et al., inpublished data). 
To test the effect of co-expressing KCR and KCS components on yeast fatty acid 
elongation, we selected two of the 13 available maize KCS ESTs as they represented full-
length cDNA clones. These cDNAs, which we term zmKCSl and zmKCS13, share a high 
degree of sequence homology with each other and with the Arabidopsis FAE1- and CUT1-
encoding KCSs (Fig. 12). The zmKCSl and zmKCS13 cDNAs were cloned into the yeast 
expression vector pYES2, which is a high-copy episomal vector carrying the URA3 gene for 
selection purposes. In these constructs the KCS-coding genes were under the control of the 
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GAL1 promoter, hence, as with the GALl::gl8a transgene, both the KCR and KCS could be 
co-induced in media containing galactose. 
Figures 13 and 14 show the fatty acid compositions of yeast strains that are either 
expressing each individual KCS alone or in combination with the g/Sa-encoding KCR. The 
data presented in these experiments are from cultures that had been grown in inductive media 
for a 4 to 6-h period, which we had previously determined to be the time-point at which the 
fatty acid compositional differences were at a maximum as compared to the control strains 
(data not shown). The two KCSs affected different fatty acid compositional changes on the 
yeast. The most dramatic effect of 1 was to increase the accumulation of the 
monounsaturated fatty acids, from 16- to 26-carbon chain lengths (Fig. 13A). Thus, these 
data indicate that zmKCSl is functionally similar to the Arabidopsis FAE7-encoded KCS, 
which is specifically involved in elongating oleic acid (18:1) to chain lengths of 20 and 22 
carbons (Millar and Kunst, 1997). In contrast, the zmKCS13 reduced the accumulation of the 
16 and 18 carbon fatty acids and increased the accumulation of the saturated VLCFAs of 
between 20 and 26 carbons (Fig. 14A). 
The effect of co-expressing each of these maize KCS genes with the g/Sa-encoded 
KCR is similar in that the effect of the co-expression is dominated by the effect of the gl8a 
gene, although somewhat moderated. Thus, the monounsaturated fatty acids, which 
accumulate when zmKCSl is expressed individually, are not observed in the presence of 
gl8a. Rather the increased accumulation of VLCFAs of up to 32-carbon chain length and of 
16- to 18-carbon fatty acid, which occurs when gl8a is expressed individually, also occurs 
when gl8a is co-expressed with zmKCSl, although the effect is moderated (c.f., Figs. 4 and 
13). Similarly, comparison of Figures 4 and 14 indicate that the fatty acid compositional 
change that occurs when gl8a is co-expressed with zmKCSl 3 is most similar to the situation 
when gl8a is individually expressed rather than when zmKCSl 3 is individually expressed. 
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Discussion 
Because of its insoluble nature, the membrane-associated system that 
catalyzes fatty acid elongation has not been purified and characterized. This elongase system 
is thought to be a complex of at least four catalytic functions: 3-ketoacyl-CoA synthase 
(KCS), 3-ketoacyl-CoA reductase (KCR), 3-hydroxyacyl-CoA dehydrase and enoyl-CoA 
reductase, which act in a cyclic sequential manner to elongate acyl chains. Of the four 
catalytic components, three have been identified by the molecular characterization of 
mutations that affect the normal deposition of VLCFA constituents; the fael locus of 
Arabidopsis led to the identification of KCS (Millar and Kunst, 1997), the gl8a locus of 
maize led to the identification of the KCR (Xu et al., 2002), and the characterization of a 
suppressor of the Ca -sensitive csg2Delta mutant of yeast led to the identification of the 
enoyl-CoA reductase (Beeler et al., 1998). The Saccharomyces cerevisiae TSC10/YBR265w 
gene encoding 3-ketosphinganine reductase is identified in a screen for temperature-sensitive 
suppressors of the Ca2+-sensitive csg2Delta mutant (Beeler et al., 1998). 
The fact that KCS catalyzes the initial reaction of fatty acid elongation has led to the 
hypothesis that this component determines the substrate specificity of the fatty acid elongase. 
Consistent with this hypothesis is the finding that the Arabidopsis genome contains 17 FAE1-
like genes. This contrasts with the situation for the KCR and enoyl-CoA reductase 
components, which appear to be encoded by two (Xu et al., 2002; Dietrich et al., 2005) and 
one gene , respectively. Indeed, our own analyses of the maize genome are consistent with 
this genome organization of the known fatty acid elongase components. Thus, the presence 
of multiple FAEl-like genes would provide the organism with considerable flexibility to 
generate different VLCFAs by the use of different KCS-paralogs. Evidence in support of 
this hypothesis was recently provided by the individual heterologous expression of the 17 
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Arabidopsis FAE1-like genes in yeast, which confers on the host the ability to form a 
different set of VLCFA products than are normally produced (Trenkamp et al., 2004). 
Our experimental results are in partial agreement with the above hypothesis, but also 
provide evidence that both the KCS and the KCR components influence the products 
produced by the fatty acid elongase. In fact, our data indicate that there is a complex 
interaction between the KCS and KCR components in determining the final products that a 
fatty acid elongase will produce. Specifically, consistent with the currently held hypothesis 
that KCS is important in determining the products of a fatty acid elongase, the expression of 
zmKCSl and zmKCS13 induce the accumulation of different sets of novel VLCFAs that do 
not accumulate in the control strains; zmKCSl appears to confer the ability to elongate 
monounsaturated fatty acids, and zmKCSl3 confers the elongation of saturated fatty acids. 
However, the expression ofgl8a leads to the most profound change in the VLCFA pool of 
yeast, the hyper-accumulation of 28- to 32-carbon fatty acids that do not normally 
accumulate in yeast. This is associated with the accumulation of novel lipids, PG and 
ceramides that accommodate these novel VLCFAs. Hence, KCR has the ability to change 
the products that are produced by fatty acid elongase. Moreover, because the co-expression 
of gl8a with either zmKCSl or zmKCSl3 generates a different chemotype as compared to the 
lone expression of either of these KCS and KCR components, indicates that both these 
components contribute to the determination of the products that will be generated. 
One of the issues that confound interpretation of these types of heterologous expression 
experiments is the fact that the introduced function is being expressed in a host-background 
that is itself not at the null state. However, the fact that the introduced function (either KCS 
or KCR) is able to affect the VLCFA-chemotype of the yeast host indicates that either the 
introduced gene product is able to functionally inserted into the yeast fatty acid elongase 
enzyme or that the intermediates of the elongase reaction are not channeled between the 
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individual component enzymes. In either scenario, these data may indicate that the fatty acid 
elongase enzyme is a dynamic complex that can readily exchange with heterologous 
expressed functions. Furthermore, it is of interest to note that the yeast genome does not 
contain a KCS-homologous gene. The explanation for this may be that a gene product that 
has a novel structure catalyzes the KCS function. Indeed, it's been suggested that one of the 
three ELO genes that occur in yeast may catalyze this function. Genetic analyses of mutations 
in these genes has lead to the suggestion that ELOl is responsible for the elongation of C14 to 
C16 fatty acids, whereas EL02 and EL03 genes are essential for the elongation of C24 acids 
to C26 acids (Oh et al., 1997). However, the co-occurrence of ELO-homologous genes in 
plants that also contain KCS-genes would argue against the supposition that the former genes 
substitute for the latter. These unresolved questions on the nature of the fatty acid elongase 
enzyme would ultimately be addressed by the biochemical purification of the enzyme 
complex. 
Materials and Methods 
Strain backgrounds 
Recombinant T7-based vectors were expressed in the E. coli strain BL21 (DE3) 
(Novagen, Madison, WI). Yeast expression was achieved with the vectors pYX043 
(Novagen, Madison, WI) or pYES2 (Invitrogen, Carlsbad, CA). Both vectors were galactose 
inducible and carry the LEU2 and URA3 auxotrophic marker respectively. Yeast strains used 
in this study are: aD273 (MATahis3-ll ura3-l leu2-3,112) and aD273 (MATa leu2-3,112). 
Construction of recombinant strains in E. coli 
The coding sequences of full length cDNAs of maize gl8a and zmKCS13 were cloned 
into the E.coli expression vector frame pET30c. The resulting recombinant plasmid was 
introduced into E. coli strain BL21 (DE3) and selected by growth at 37 °C in LB medium 
containing kanamycin. Overnight preculture was added to 100 ml of fresh LB medium 
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supplemented with kanamycin. The culture was induced for the protein expression by adding 
isopropylthio-/3-galactoside (IPTG) to a final concentration of 0.4 mM. After induction with 
IPTG, cells were collected by centrifugation at 5,000 g for 10 min. The resulting pellet was 
resuspended in 2 ml of extraction buffer (50 mM Tris-HCl, pH 7.0, 1 mM EDTA, 2% SDS), 
and boiled for 10 min. The mixture was centrifuged at 13,200 g for 10 min. The supernatant 
was collected and stored at liquid N2. 
Construction of recombinant strains of S. cerevisiae 
The full length cDNAs of maize gl8a, zmKCSl, and zmKCS13 were cloned into yeast 
expression vectors pYX043 or pYES2. The yeast vector pYX043 is an integrative plasmid 
with galactose-inducible GAL1 promoter and carries the LEU2 marker gene. Vector pYES2 
also carries the GAL1 promoter and the URA3 marker gene. The resulting recombinant 
plasmids were introduced into S. cerevisiae aD273. The S. cerevisiae strains containing 
recombinant genes were grown overnight at 30 °C in 5 ml YPD medium. The overnight 
culture was added to 100 ml of fresh YPD medium and continued to grow until the culture 
reached O.D.Q^eo) of 0.8-1. Cells were pelleted and washed three times with selective 
medium lacking sugar. The washed pellet was added into the selective medium containing 
galactose. After certain period of growth in inductive medium containing galactose, cells 
were collected by centrifugation at 5,000 g for 5 min. 
Immunological methods 
Antibodies were generated by immunizing a New Zealand white female rabbit with 
1.0 mg of recombinantly produced protein purified by preparative SDS-PAGE (Russel, 
2001). Purified protein was emulsified in Freund's Complete Adjuvant and injected 
intradermally. One month later and in two weeks intervals thereafter, 0.5 mg of protein 
emulsified in Freund's Incomplete Adjuvant was administered by intramuscular injection. 
One week after each of these latter injections, 3 to 5 ml of blood was collected from the ear 
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of the rabbit for testing. One week after the fourth injection, the blood was collected by heart 
puncture. The collected blood was allowed to coagulate on ice for 1 hour, and the serum was 
collected after centrifugation at 4,000 g for 10 min. Sodium azide was added to the serum to 
final concentration of 0.02% and it was stored in aliquots at -20°C. 
Cell pellets were resuspened in 500 ul protein extraction buffer (50 mM Tris-HCL, 
pH 7.0, 1 mM EDTA, 2% SDS), and boiled for 10 min for proteins extraction. The mixture 
was centrifuged at 13,200 g for 10 min and the proteins were recovered in the supernatant. 
Protein extracts were subjected to SDS-PAGE (Laemmli, 1970). Proteins were 
electrophoretically transferred to a nitrocellulose membrane (Towbin et al., 1979) and 
immunologically detected with specific antiserum diluted 1:5000, followed by an incubation 
with secondary antibody conjugated to horseradish peroxidase (HRP) (Novagen, Inc., 
Madison, WI). 
Morphological analysis 
To examine the cell morphology, 1 ml aliquots from a yeast culture were mixed with 
1 ul of 2 uM calcine-AM (Molecular Probes Inc, Eugene, OR). After incubation at 30 °C for 
20 min cells were collected by centrifugation. The cell pellet was washed several times with 
distilled water to remove excess dye. Washed cell pellet was then resuspend in 1 ml of 
deionized water and imaged. Images were captured on an inverted Nikon Eclipse 
microscope, 60 X 1.4 NA objective, with a Hamamatsu C4742-95 digital camera controlled 
by Prairie Technologies software (Middleton, WI). Images were analyzed using Metamorph 
software (Universal Imaging, West Chester, PA). 
Tetrad analysis 
Tetrad analysis was performed by standard protocols (Rose et al., 1990). The diploid 
strains were allowed to sporulate for 7 days at room temperature on media containing 
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methionine. Tetrads were pulled from this 7 days old plate and plated in YPD medium. 
Selection of the haploids was done by growing them individually on selective media. 
HPLC separation of total lipids in yeast 
Lipids were extracted with a chloroform:methanol:water triphasic solvent system 
(Bligh and Dyer, 1959) from yeast pellts. Lipid mixtures were fractionated into their 
chemical classes via normal phase silica column (silica 3u, 50 mm x 4.6 mm) (Supelco, 
Bellefonte, PA) using Beckman 126 HPLC system. Elution was monitored with an 
evaporative light scattering detector (ELSD 2000, Alltech, Deerfield, IL). The nebulizer and 
the evaporator of the detector were set at 60 °C. The HPLC solvent gradient system was as 
follows: 0-5 min, 100% Methanol with 10% acetic acid; at 6-20 min, linear gradient to 100% 
chloroform; at 21 min held for 5 min with chloroform (100%). The flow rate was at 1.0 
ml/min. Fractions containing constituents of different chemical classes were collected using a 
fraction collector. 
GCMS analysis of fatty acids 
Fractionated lipids were incubated in 2 ml of 2N HCl/methanol at 80 °C for 30 mins. 
Fatty acid methyl esters were recovered by extraction with hexane. Fatty acid methyl esters 
were analyzed with a GC-MS, using the same column and chromatographic conditions used 
to analyze cuticular wax components in chapter x, except that the oven temperature was 
initially at 80 °C and then heated at a rate of 5 °C/min to 200 °C. This temperature was 
maintained for 10 minutes, and then elevated at 5 °C/min to 260 °C and held at this final 
temperature for 10 min. 
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Figure 1. Western blot analysis of protein extracts from control S. cerevisiae strains (oD273) 
and isogenic recombinant strain carrying GALl::gl8a gene (+GL8a). The blot was probed 
with anti-GL8a serum. A 32-kDa polypeptide immunoreactive with the anti-GL8a serum was 
identified in the extracts expressing the GALl::gl8a gene. 
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Figure 2. : Fatty acid analysis of g7&z-expressing yeast strain. Total ion chromatogram of 
GCMS analysis of fatty acid methylesters isolated from ocD273 yeast strains transformed 
with either a non-recombinant pYX043 integration vector as a control (A) or with a 
recombinant equivalent vector carrying the GALl::gl8a transgene (B). 
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Figure 3. Effect of expressing gl8a on fatty acid accumulation in yeast. Yeast strains were 
ccD273 transformed with either a non-recombinant pYX043 integration vector (control) or 
with a recombinant equivalent vector carrying the GALl::gl8a transgene (gl8a). Fatty acids 
were extracted and analyzed by GCMS 5-hours after growth on galactose-containing 
inductive medium. The numerical data are presented in Table 6. 1. 
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Figure 4. Effect of expressing gl8a on fatty acid accumulation in yeast. Fatty acid analyses 
of ocD273-based yeast strains, grown in the galactose-containing medium for the indicated 
time-periods to induce the G/lL/-promoter. Yeast strains were aD273 transformed with 
either a non-recombinant pYX043 integration vector (control) or with a recombinant 
equivalent vector carrying the GALl::gl8a transgene (gl8a). The numerical data are 
presented in Table 6.1. 
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spores in a tetrad 
Figure 5. Co-inheritance of the VLCFA chemotype with the GALl::gl8a transgene. A 
diploid strain (MATa/ahis3-ll/HIS3 ura3-l/URA3 Ieu2-3,112/leu2-3,112 
GAL1::gl8a::LEU2) was constructed by crossing the two haploid strains aD273 and aD273. 
Upon sporulation, the inheritance of GALl::gl8a transgene was scored by the segregation of 
the tightly linked LEU2 auxotrophic marker. Thus, spores B and C inherited the GALl:;gl8a 
transgene, where as C and D did not. 
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hours (h) 
Figure 6. Effect of expressing gl8a on the growth of yeast. Haploid spores that either 
inherited (B and C) or did not inherit (A and D) the GALl::gl8a transgene were grown in the 
galactose containing media. Genotypes of each haploid strain are given in the legend of 
Figure 5. 
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Figure 7. Analysis of lipids in g/dto-expressing yeast strain. Lipids were extracted from 
aD273 yeast strains transformed with either a non-recombinant pYX043 integration vector 
as a control (A) or with a recombinant equivalent vector carrying the GALl::gl8a transgene 
(B). Lipids were fractionated by normal phase HPLC and elution was monitored with an 
evaporative light scattering detector. 
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Figure 8. Effect of expressing gl8a on the lipid accumulation. Lipids were extracted from 
ccD273 yeast strains transformed with either a non-recombinant pYX043 integration vector 
(control) or with a recombinant equivalent vector carrying the GALl::gl8a transgene (gl8a). 
Yeast strains were grown in galactose-containing inductive medium at 30 °C for 16-hours. *, 
identifies the occurrence of PG that uniquely accumulates in the g/5a-expressing strain 
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Figure 9. Effect of expressing gl8a on the fatty acid composition of phospholipids. 
Lipids were extracted from aD273 yeast strains transformed with either a non-recombinant 
pYX043 integration vector (control) or with a recombinant equivalent vector carrying the 
GALl::gl8a transgene (gl8a). Yeast strains were grown in galactose-containing inductive 
medium at 30 °C for 16-hours. Lipids were fractionated by normal phase HPLC, and 
individual phospholipid classes were recovered, and their fatty acid composition was 
analyzed as methyl esters via GCMS. The recovered fractions were: phosphatidylcholine 
(PC), phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidylserine (PS), 
phosphatidylglycerol (PG) and a fraction containing the mixture phosphatidic acid (PA), 
cardiolipin (CL) and free fatty acids (FFA). *, identifies the occurrence of PG that uniquely 
accumulates in the g/5a-expressing strain; <— identifies the fatty acids that uniquely 
accumulate in the g/Sa-expressing strain. The numerical data are presented in Table 6.3. 
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Figure 10. Effect of expressing gl8a on the ceramide-associated fatty acids. Sphingolipids 
were extracted from ocD273 yeast strains transformed with either a non-recombinant pYX043 
integration vector (control) or with a recombinant equivalent vector carrying the GALl::gl8a 
transgene (gl8a). Yeast strains were grown in galactose-containing inductive medium at 30 
°C for 16-hours. Following base hydrolysis to remove the lipid headgroup, the fatty acids 
associated with the ceramide moiety of the sphi go lipids were identified by GCMS. The 
numerical data are presented in Table 6.4. 
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Figure 11. Effect of expressing gl8a on yeast cell-size. aD273 yeast strains transformed with 
either a non-recombinant pYX043 integration vector (control) or with a recombinant 
equivalent vector carrying the GALl::gl8a transgene (gl8a) were grown in galactose-
containing inductive medium at 30 °C for 16-hours. Cells of each genotype (180 controls 
and 192 g/5a-expressing cells) were microscopically imaged and their cross-section areas 
evaluated. 
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Figure 12. Comparison of KCS sequences 
The deduced amino acid sequence ofzmKCSl and zmKCS13 are compared to the sequences 
of the Arabidopsis FAE1 and CUT1 gene products using the PILEUP program of the GCG 
Wisconsin Package. 
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Figure 13. Effect of co-expressing gl8a and zmKCSl on yeast fatty acids. Fatty acids 
analyzed from yeast strains carrying either a non-recombinant parental expression cassette 
(control) or the recombinant transgene whose transcription was under the regulation of the 
galactose-inducible GAL 1 -promoter. Lipids were extracted from yeast cultures grown at 30 
°C for 16-hours in galactose-containing inductive medium. Following conversion to methyl 
esters, fatty acids were analyzed via GCMS. Yeast strains were aD273 either ectopically 
expressing the zmKCSl from the expression vector pYES2 (A), or ectopically expressing the 
zmKCSl from the expression vector pYES2 in combination with the integrated GALl::gl8a 
transgene (B). *, identifies the occurrence of fatty acids that uniquely accumulate in the 
recombinant strains. The numerical data are presented in Table 6.5 and 6.7. 
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Figure 14. Effect of co-expressing gl8a and zmKCS-13 on yeast fatty acids. 
Fatty acids analyzed from yeast strains carrying either a non-recombinant parental expression 
cassette (control) or the recombinant transgene whose transcription was under the regulation 
of the galactose-inducible GAL1 -promoter. Lipids were extracted from yeast cultures grown 
at 30 °C for 16-hours in galactose-containing inductive medium. Following conversion to 
methyl esters, fatty acids were analyzed via GCMS. Yeast strains were ocD273 either 
ectopically expressing the zmKCS-13 from the expression vector pYES2 (A), or ectopically 
expressing the zmKCS-13 from the expression vector pYES2 in combination with the 
integrated GALl::gl8a transgene (B). *, identifies the occurrence of fatty acids that uniquely 
accumulate in the recombinant strains. The numerical data are presented in Table 6.6. and 
6.8. 
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Abstract 
A complex mixture of lipids called epicuticular waxes covers the aerial portions of all 
land plants. As an outer most barrier, these lipids are important for the plant's interaction 
with the biotic and abiotic environment. Epicuticular waxes are biosynthesized by the single 
layer of cells, the epidermal cells, and are secreted to the surface of the plant. To 
characterize the biosynthesis of this complex exometabolome, we have used a collection of 
glossy mutants that affect normal deposition of epicuticular waxes. GCMS based chemical 
analysis identified nearly 300 epicuticular wax components that are contributing to the 
exometabolome of maize. These analyses revealed that each glossy gene differentially 
affects the composition of the wax on different organs. Principal component and clustering 
analyses of this large dataset aid to explore the behavior of glossy genes/gene cluster relative 
to the complex cuticular wax biosynthetic pathway. 
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Introduction 
Plant surfaces that are exposed to the aerial environment are covered with a complex 
mixture of lipids, the cuticle that is synthesized by the cells of the epidermal tissue. In 
addition to functioning as a water barrier to prevent plant desiccation (Riederer and 
Schreiber, 2001; Oliveira et al., 2003), the surface lipids of plants have been suggested to 
function in frost resistance, in plant-pathogen interactions (Eigenbrode, 1995), and to provide 
protection from UV irradiation due to the reflective property provided by the cuticle (Barnes 
et al., 1996). 
The cuticle consists of a polyester polymer cutin, which is thought to be covalently 
bonded to the cell wall of epidermal cells. The monomelic units that constitute cutin are 
bifunctional fatty acid derivatives of between 16- and 22-carbon chain lengths. These 
monomers are ©-hydroxy-fatty acids, a,co-di-alcohols, a,co-dibasic acids, epoxy-fatty acids, 
and hydroxy-fatty acids (Walton, 1990). Cutin is embedded in a complex mixture of 
nonpolar lipids commonly referred as cuticular waxes. Those waxes that are deposited as 
crystal like structures on top of the cutin layer are called epicuticular waxes (Baker, 1980). 
Thus, the cuticle consists of stratified layers of epicuticular waxes, cutin and intra cuticular 
waxes. 
The majority of cuticular waxes are derivatives of very long chain fatty acids, these 
include as acyl alcohols, acyl aldehydes, esters, ketones and alkanes. The VLCFAs that are 
destined for incorporation into cuticular waxes are products of the sequential action of de 
novo fatty acid biosynthesis in plastids, followed by fatty acid elongation in the endoplasmic 
reticulum (von Wettstein-Knowles, 1982). The 20- to 34-carbon fatty acid products are 
thought to be further metabolized by one of three pathways: the reductive pathway, the 
decarbonylation pathway, and the /3-keto acyl elongation pathway (Post-Beittenmiller, 1996). 
The reductive pathway generates aldehydes, alcohols and esters; the decarbonylation 
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pathway generates secondary alkanes, alcohols and ketones; and the /3-keto acyl elongation 
pathway generates oxygenated products such as, /3 -diketones and hydroxy-/3-diketones (von 
Wettstein-Knowles, 1982). These complex metabolomic processes are thought to uniquely 
occur in the epidermal cells of plants. 
The biosynthetic origin of cuticular waxes is being elucidated in plants via a 
combination of molecular genetic and biochemical approaches. However, understanding of 
the genes involved in this biosynthetic pathway is poor. Mutations in genes involved in the 
production of cuticular waxes that affect the amount and/or composition of the cuticular wax 
present on leaf surfaces are known. But, only a few of these genes have been cloned, and of 
those even fewer have defined molecular functions. These include the Arabidopsis cer 
mutants (Aarts et al., 1995), the barley cer-cqu mutants (Von Wettstein-Knowles, 1986), and 
the maize glossy mutants (Schnable et al., 1994; Dietrich et al., 2002). 
In recent years it has become relatively easier to molecularly clone gene loci based 
upon a mutant allele, namely positional cloning. Thus, these cuticular wax mutant 
collections can be viewed as resources for the molecular characterization of the biosynthesis 
of this material. Indeed, such transposon-induced mutant alleles have been used to isolate the 
genes coding for a number of glossy loci (Schnable et al., 1994; Dietrich et al., 2002). 
However, to elucidate the molecular function of each of these mutant loci, it is also important 
to biochemically characterize the effect of each mutation. In addition, without a prior 
molecular knowledge of the mutant locus, biochemical characterizations of genetic stocks 
that carry mutant alleles should be reveal functional data of the gene in question. 
Such a strategy for elucidating gene function is encompassed by the new field of 
metabolomics that is becoming a key technology in functional genomics (Raamsdonk et al., 
2001). This application is not only of importance in elucidating the biochemical and 
physiological functions of gene in species whose genomes have not been completely 
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sequenced, but also in those organisms whose genomes are sequenced, this technology is of 
utility for identifying the functions of genes that are annotated as having "unknown 
functions". Currently, approximately 25-30% of genes in completely sequenced genomes are 
so annotated. 
In this study we have profiled cuticular wax compositions on three different organs 
from a collection of 31 glossy mutants that affect the normal deposition of cuticular waxes on 
maize plants. Aim of this study is to use statistical clustering methods to understand the 
relationship between the glossy genes, cuticular wax composition and a proposed cuticular 
wax biosynthetic pathway. 
Results and Discussion 
Glossy mutations 
In maize, mutants that affect the normal accumulation of cuticular waxes were first 
isolated in the 1920s (Hayes and Brewbaker, 1928), and these were termed the glossy 
mutants. By the 1950s fourteen such mutants had been identified. This collection of mutants 
was characterized in terms of the effect on cuticular wax composition by Bianci and 
colleagues (Bianchi et al., 1975, 1979, 1982). More recently, an extensive mutagenesis 
program has resulted in the identification of an additional 13 loci that present a mutant glossy 
phenotype (Schnable et al., 1994; Dietrich, 2002). 
Maize leaves at the juvenile stage (i.e., seedlings) have the capacity to repel water. 
However, mutations that reduce the normal accumulation of cuticular waxes have the effect 
of decreasing this water-repelling characteristic. Thus, the glossy mutations that reduce the 
normal accumulation of cuticular waxes are readily recognized by the fact that water that is 
sprayed on such plants is retained on the surface as water droplets. In addition, leaves of 
such mutants may also be more "shiny" rather than the dull appearance of standard leaves. 
Using this water beading phenotype a new collection of glossy mutants were identified 
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(Schnable et al., 1994); Dietrich, 2002). Glossy mutants used in this study were backcrossed 
to into the inbred line B73 to minimize the genetic variation (Table 1) (Dietrich, 2002). Thus, 
in this study the inbred B73 is used as the reference for wild type control analyses. 
Chemical analysis of cuticular waxes 
To biochemically characterize the effect of each glossy mutation on cuticular wax 
deposition and composition, GCMS was used to analyze the cuticular waxes that were 
extracted from each mutant stock. These studies were conducted using procedures we have 
previously optimized for the analysis of cuticular waxes from a variety of different maize 
organs (Perera et al., 2005). In these analyses, mutant stocks and control B73 seedlings were 
grown side-by-side in green-house sand-benches and leaves were harvested from 9-day old 
seedlings from which the coleoptile was removed. 
Because mature organs of a maize plant also accumulate cuticular waxes we also 
analyzed the effect of each mutation on the deposition and composition of cuticular waxes of 
organs from mature plants. Our prior analyses (Perera et al., 2005) have shown that silks and 
pollen accumulate large quantities of cuticular waxes, and that the compositions of these 
waxes are distinctly different from those of seedling leaves. Therefore, we selected to 
analyze the effect of each glossy mutation on the cuticular waxes of silks and organs. To 
conduct these studies, silks and pollen were collected from field grown maize genetic stocks 
(both mutants and B73 control plants) that were grown in Ames, IA, during the summer of 
2002. 
Effect of glossy mutations on cuticular waxes of seedling leaves 
Analyses of the cuticular waxes that accumulate on seedling leaves of the control 
inbred stock, B73, reveals that chemically reduced derivatives of C32 fatty acids, such as C32 
alcohol and C32 aldehyde are the major wax components; these two constituents account for 
more than 95% of the cuticular waxes (Figure 1). Other minor components of this wax 
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include w-alcohols (of 18, 20, 30 and 34 carbon chain length), aldehydes (of between 16 and 
34 carbon chain length), fatty acids (of between 12 and 22 carbon chain lengths), and esters 
(of 36 to 52 carbon chain lengths). Esters are the only molecules present in this cuticular wax 
that are 'hybrid' molecules. Esters are composed of a very long chain alcohol acylated with a 
very long chain fatty acid. Depending on the combination of these two moieties, each ester at 
a specific carbon chain length could consist of several isomers, i.e. C40 ester could be at 
isomers of C20 acid + C20 alcohol, C22 acid + Cis alcohol, C24 acid + Ci6 alcohol etc. Thus, in 
our analyses all esterified alcohols and acids were combined at each specific carbon chain 
length, i.e., all C20 alcohols moieties in each ester was summed to obtain the C20 esterifed 
alcohol. Hence our final data consisted in total of 81 possible metabolites (Appendix E Table 
7.2). 
All the mutants that were analyzed showed reduced cuticular wax accumulation on 
seedling leaves (Figure 2). The exception to this is the mutation in the gl8b locus, which is a 
mutation isolated by a reverse genetic approach (Dietrich et al., 2005), and this mutant does 
not present a glossy phenotype. In order to understand whether there is a correlation between 
the observed strength of the glossy phenotype with the level of cuticular wax accumulation, 
the mutants were classified as either strong, fair or based on the strength of the glossy 
phenotype weak (Table 1) (Dietrich, 2002). Based upon the quantitative biochemical 
analyses there is no correlation between the levels of cuticular wax deposition with the 
strength of the glossy phenotype (Figure 2). 
Hierachical clustering and principal component analysis of metabolites in 
cuticular waxes of 31 different glossy mutants 
Principal component analysis (PCA) reduces dimensionality of data and allows 
display of linear combinations of the original independent variables that account for maximal 
amounts of variation. The resulting vectors or principal components (PCs) can be used to 
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separate samples on the basis of the cumulative correlation of all metabolite data (Roessner 
U., 2001). 
Hierarchical cluster analysis (HCA,) is a bottom-up or agglomerative method of 
grouping data together. HCA starts with each data point as an individual cluster; it then links 
the two closest clusters to form a new cluster. This process continues until one large cluster is 
formed. Euclidean distance used in this analysis to measure the distance between data points, 
and the distances between clusters are measured using the centroid of each cluster (Draghici, 
2003). 
By definition, Euclidean distance is the distance between two data points in a plane 
with/?/ at (xi,yi) and/?2 at (x2,y2), it is yf((xj-X2)2 + (yi-y2)2)- In iV dimensions, the Euclidean 
distance between two sets of metabolite measurements/? and q is given by 
y[(Yi=iN (Pr<li)2) where/?, (or qj) is the coordinate of/? (or q) in dimension i. Thus, the 
dendrogram of hierarchical clustering links "similar" responses across all of the metabolites. 
Samples that connect closer to the bottom are more similar than those that connect higher up. 
Hence, the primary purpose of HCA is to present data in a hierarchical manner that 
emphasizes hierarchical groupings using a dendrogram. 
Hierachical clustering and principal component analysis of metabolites in 
cuticular waxes of seedling leaves 
The metabolite data from seedling leaves consists of a few large values, typically on 
the order of 100 times larger than the smaller values that describe the composition of the 
cuticular waxes. Thus, we used dynamic range scaling to preprocess the data set. The 
purpose of this scaling is to make it easier to compare large and small values by mapping the 
data onto a log function. The striking point in the data set is the large amounts of C32 alcohol 
and C32 aldehyde in the wild type as compared to the mutants. When this data were analyzed 
without scaling or normalizing we found that the wild-type dominates over the other mutants 
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because of the large quantities of these constituents. Thus, analysis of the non-normalized 
data revealed a single PCA component, which included the metabolites, C32 aldehyde, C32 
alcohol, and C31 alkane (data not shown). 
However, the analysis of the normalized data (normalized using the function: xnorm= 5 
logio(l+x)) revealed two principal components (PCs); PCI contained C32 aldehyde, C32 
alcohol and C31 alkane, and PC2, contained C32 aldehyde, C32 alcohol, C15 alkane, C30 
aldehyde, C30 alcohol and C20 alcohol (Table 2). These two PCs accounted for 54% of the 
variance across the glossy mutant collection. 
The hierarchical clustering of the normalized data gave much high resolution than 
clustering of the non-normalized data. Ten clusters were obtained using the Euclidian 
distance of 0.25 as a cutoff (Figure 3). These were named clusters A through J. The 
metabolites that contributed to the first and second PCs separated the mutants into 
clusters, based on the similar behavior of those metabolites (Figures 4A and 4B). The 
contribution of PCI is obvious throughout clusters A-H, where C32 aldehyde, C32 alcohol 
and C31 alkane behave in a similar pattern within these clusters (Figure 4A). The 
effect on clusters from the metabolites in PC2 is not that clear cut. PC2 contains two 
metabolites that are also in PCI, C32 aldehydes and C32 alcohol, although the values of the 
former are of opposite sign in the two PCs. 
Hierachical clustering and principal component analysis of metabolites in 
cuticular waxes of pollen and silk 
In contrast to the composition of the cuticular waxes of seedling leaves, the major 
cuticular wax constituents of maize pollen and silks are hydrocarbons (-90%) and 
methylketones (~8%). Silks and pollen from wild type B73 plants accumulate both saturated 
and unsaturated versions of these constituents (Perera et al., 2005). One compositional 
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difference that distinguishes the cuticular waxes of pollen from silk is the accumulation of 
sterols, which occur in pollen, but not in silk. 
Hierarchical clustering of pollen cuticular wax data from the glossy mutant 
collection was conducted without subjecting the data to any scaling. This analysis 
partitioned the glossy mutants into seven clusters, A through G (Figure 5), based on three 
PCs (Table 3). These PCs accounted for 93% of the variation in the metabolites among 
the glossy mutants. The three PCs are composed of a different combination of alkanes 
(of 25, 27, 29, and 31 carbon chain lengths) and alkenes of either the 4- or 9-homologous 
series (Table 3). The seven mutant clusters (A- G) are distinguishable from each other both 
by the compositional changes associated with the metabolites within each of the 3 PCs 
(Figure 6) and by the amount of cuticular waxes that accumulates on the pollen of the 
mutants (Figure 7). 
Hierarchical clustering of cuticular wax data from the silks of the glossy mutants was 
also conducted without subjecting the data to any scaling. This analysis partitioned the 
glossy mutants into 13 clusters, A through M (Figure 8). This clustering was based on three 
PCs (Table 4), which accounted for 92% of the variation in the metabolites among the glossy 
mutants. The 13 clusters are distinguishable from each other by compositional changes in 
the metabolites that constitute each PC (Figures 9A-9C) and by the amount of cuticular 
waxes that accumulate on the silk of the mutants (Figure 10). For example, cluster M, which 
contains the wild-type B73 control, clusters with gll, gl3, gl8a-ref, gll8 and gl33, and the 
effect of these mutants are only minor in reducing cuticular wax deposition on silks. 
Although the overall composition of the cuticular waxes of silks is similar to that of pollen, 
the metabolites that contributed to the PCs, which distinguish the clusters, are different 
between silks and pollen (c.f, Tables 3 and 4). Indeed, the structure of the dendogram that is 
obtained from the silk data differs from that obtained from the pollen data (c.f, Figures 5 and 
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8). This finding suggests that the effect of the glossy genes on cuticular wax biosynthesis is 
dependent on the context in which the genes are expressed. Because the overall composition 
of the cuticular waxes on pollen and silks are so similar, this contextual difference may 
reflect the fact that the glossy genes are interacting with other cuticular wax biosynthetic 
genes and different paralogs of these latter genes are differentially expressed between silks 
and pollen. 
Summary 
In the post-genomic era, the need to elucidate the functions of genes has drawn 
increased attention. In almost all genomes sequenced to date, approximately 1/3 of the 
identified genes are annotated as having an "unknown function". A general strategy for 
elucidating the function of such genes is via the characterization of mutant alleles. Although 
a challenging task, the correlation of changes in metabolite levels associated with such 
mutants has been used to predict functions of the mutated genes (Steuer et al., 2003). 
This strategy is also applicable to the characterization of mutant genes that have not 
necessarily been molecularly isolated. The increased sensitivity of chemical analytical 
platforms that incorporate different detection systems (i.e., NMR, mass spectroscopy and/or 
fluorescence) has opened a new field of biochemical analysis, metabolomics. The 
application of metabolomics data to functional genomics faces a number of inherent 
limitations. One of these is the fact that multicellular organisms, there is a lack of 
discrimination of metabolites of different cellular and subcellular compartments. Because 
cuticular waxes in plants are biosynthesized by a single tissue-type (epidermal cells), the 
study of the metabolomics of cuticular waxes offers a means of systematically addressing 
one of the limitations to applying metabolomics to functional genomics. Thus, the 
metabolomics analyses of the extensive collection of glossy mutants offers a means of 
combining genetics and metabolomics to elucidate the structure of the cuticular wax 
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biosynthetic pathway. Although such analyses offer compelling insights into the relationship 
between each mutant and the cuticular biosynthetic pathway, its as yet unclear if such data 
can solely reveal the structure of this complex biosynthetic pathway. 
Materials and Methods 
Cuticular waxes were extracted from 9- to 12-day-old maize seedlings grown in 
greenhouse sand benches. Cuticular waxes of pollen and silk were extracted from field grown 
maize plants. Cuticular wax extraction and chemical analysis were performed as described in 
(Perera et al., 2005). 
Statistical analysis was performed using MATLAB software version 6.1 (MathWorks, 
Natick, MA). 
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Table 1. gl loci" 
Locus 
gll 
gl2 
gl3 
gl4 
gl5,20 
gl6 
gl7 
gl8 
gill 
gH3 
gH4 
gH5 
gH7 
gll 8 
gl21,22 
gl25 
gl26 
gl27 
gl28 
gl29 
gBO 
gl31 
gl32 
gl33 
gB4 
gl35 
gl-Dom 
BCb 
8 
9 
9 
9 
9 
8 
2 
8 
9 
9 
9 
8 
10 
9 
10 
8 
9 
2 
3 
3 
2 
2 
1 
2 
1 
1 
1 
Original Report 
Kvakan, 1924 
Hayes and Brewbaker, 1928 
Hayes and Brewbaker, 1928 
Emerson et al., 1935 
Emerson et al., 1935 
Emerson et al., 1935 
Emerson et al., 1935 
Emerson et al., 1935 
Sprague, 1938 
Anderson, 1955 
Anderson, 1955 
Anderson, 1955 
Rhoades and Dempsey, 1954 
Anderson, 1955 
Neuffer and Beckett, 1987 
Schnable et al., 1994 
Schnable et al., 1994 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Dietrich et al, 2002 
Dietrich et al., 2002 
Dietrich et al., 2002 
Expression 
strong 
strong 
strong 
fair 
strong 
strong 
fair 
strong 
strong 
fair 
weak 
strong 
strong 
weak 
strong 
fair 
strong 
strong 
fair 
fair 
strong 
strong 
fair 
weak 
fair 
strong 
fair 
a
 This table is adapted from Dietrich C.R. (2002). 
Number times back crossed to B73. 
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Table 2. Significant principal components of cuticular waxes of seedling leaves 
PCI PC2 
variance 43% variance 11% 
metabolite value metabolite value 
C32 alcohol -0.662 C32 alcohol -0.673 
C32 aldehyde -0.727 C32 aldehyde 0.625 
C31alkane -0.126 C30 aldehyde 0.116 
C30 alcohol 0.116 
C20 alcohol 0.207 
C15 alkane -0.137 
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Table 3. Significant principal components of cuticular waxes of pollen 
PCI PC2 PC3 
variance 60% variance 27% variance 6% 
metabolite" 
C25 alkane 
C27 alkane 
alkeneofC27:l(4) 
alkeneofC29:l(4) 
C29 alkane 
C31 alkane 
alkene of C31:1(4) 
value 
-0.406 
-0.128 
-0.612 
-0.431 
-0.302 
-0.165 
-0.328 
metabolite 
C27 alkane 
alkene of C29:1(4) 
alkene of C29:1(9) 
C29 alkane 
C31 alkane 
alkene of C31:1(4) 
value 
0.227 
-0.156 
-0.811 
0.278 
0.197 
0.364 
metabolite 
C25 alkane 
C27 alkane 
alkene of C29:l(4) 
C29 alkane 
alkene of C31:1(9) 
alkene of C31:1(4) 
C31 alkane 
value 
-0.67 
-0.184 
0.35 
0.397 
-0.211 
0.164 
0.383 
In unsaturated components double bond position is indicated within bracket. 
Table 4. Significant principal components of cuticular waxes of silk 
PC1 PC2 PC3 
variance 42% variance 26% variance 24% 
metabolite3 
C23 alkane 
alkene of C25:1(4) 
C25 alkane 
alkene of C27:l(9) 
alkene of C27:l(4) 
C27 alkane 
C27 ketone 
alkene of C29:1(4) 
C29 alkane 
C31 alkane 
value 
-0.146 
-0.108 
-0.233 
-0.102 
-0.179 
-0.577 
-0.106 
-0.166 
-0.504 
-0.456 
metabolite 
alkene of C25: 
C25 alkane 
alkene of C27: 
C27 alkane 
alkene of C29: 
C29 alkane 
C31 alkane 
:1(4) 
:1(4) 
:1(4) 
value 
0.117 
0.124 
0.204 
0.266 
-0.33 
-0.744 
0.369 
metabolite 
C23 alkane 
C25 alkane 
dieneofC29:2(9,12) 
alkene of C29:1(6) 
alkene of C29:1(4) 
C29 alkane 
alkene of C31:1(9) 
alkene of C31:1(4) 
value 
0.164 
0.207 
0.152 
-0.161 
0.718 
-0.337 
0.229 
0.402 
a
 In unsaturated components double bond position is indicated within bracket. 
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Figure 2. Total cuticular wax accumulation of glossy mutants. 
Cuticular waxes were extracted and analyzed as described in Materials and Methods. 
Average of three independent extractions + standard deviation. 
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Figure 3. Hierarchical clustering of glossy mutants as determined by the analysis of the 
cuticular wax metabolites of seedling leaves. 
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Figure 5. Hierarchical clustering of glossy mutants as determined by the analysis of the 
cuticular wax metabolites on pollen. 
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Figure 7. Hirachichal clustering of glossy mutants as determined by the analysis of the 
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Figure 8. Hierachichal clustering of glossy mutants as determined by the analysis of the 
cuticular wax metabolites on silk. 
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CHAPTER 8: GENERAL CONCLUSIONS 
The growth and survival of a plant requires the coordinate regulation of numerous 
biochemical pathways. Each of these metabolic pathways gives rise to molecules, 
"metabolites" which have different functions in the growth and development of a plant. 
Analysis of metabolites provides important clues to the understanding this complex 
metabolic network. Although cuticular waxes account for a small proportion of the carbon-
resource that is required for its biosynthesis, these constituents have a pivotal significance in 
the survival of plants. As the outer most barrier, the cuticular lipids are important for the 
plant's interaction with the biotic and abiotic environment (reviewed by Post-Beittenmiller, 
1996). Epicuticular waxes are biosynthesized by the single layer of cells, the epidermal cells, 
and are secreted to the surface of the plant. Constituents of the cuticular waxes are the 
secondary metabolites of very long chain fatty acid metabolism. These very long chain fatty 
acids are produced by fatty acid elongase, a complex of four component enzymes localized to 
the endoplasmic reticulum. The catalytic machinery of the fatty acid elongase is thought to 
be similar to de novo fatty acid synthase, which is soluble and localized to the plastids (von 
Wettstein-Knowles, 1982). The end products of fatty acid synthase (18-carbon fatty acids) 
serve as the precursor molecules for fatty acid elongase. Due to the limited feasibility of 
purifying the membrane bound fatty acid elongase, the complete molecular characterization 
of the elongase complex still remain unknown. Understanding of the cuticular wax 
biosynthesis pathway thus becomes two step process; 1) elongation of preexisting fatty acids 
to chain lengths of up to 34-carbon chain lengths, and 2) modification of these very long 
chain fatty acids to to different cuticular wax constituents. 
Identification of nearly 280 metabolites as constituents of cuticular waxes was 
performed with aid of HPLC and GCMS, which enable establishment of our own data base 
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for the constituents of cuticular waxes. Cuticular wax composition was determined from 
number of different organs revealing that the cuticular wax composition is affected by plant 
development. 
This study also revealed the occurrence of novel constituents of cuticular waxes, 
long-chain hydrocarbons containing carbon-carbon double bonds (e.g., alkenes and dienes). 
Because these are rare biological molecules, their biosynthetic origins are obscure. Our 
detailed metabolomic analyses of the cuticular waxes that accumulate on the surfaces of 
maize organs have lead to the identification of a system that is ideally suited for revealing the 
biosynthesis of alkenes and dienes. Namely, alkenes and dienes constitute 50% of the 
cuticular waxes that coat the surfaces of pollen and silks of maize. These hydrocarbons 
accumulate as five homologous series of alkenes and dienes of 23 to 33 carbon-chain lengths, 
with the double bond situated in different positions of the alkyl chains. Three homologous 
serious of alkenes and two homologous serious of dienes occur in the cuticular waxes of silk. 
These differ from each other by the position of the carbon-carbon double bonds in the 
hydrocarbon chains. The alkene series are unsaturated at the fourth, sixth or ninth carbons. 
The two homologous diene series were unsaturated at sixth and ninth carbons, or ninth and 
twelfth carbons. The biosynthetic origins of each of these alkenes and dienes are indicated 
by detailed analyses of the hypothetical precursor unsaturated aldehydes and fatty acids. 
These analyses indicate that these alkenes and dienes are biosynthesized by a novel 
combinatorial pathway involving fatty acid elongation and fatty acid desaturation. The 
resulting unsaturated very long chain fatty acids are sequentially reduced to an aldehyde and 
decarbonylated to generate alkenes and dienes. This hypothetical pathway of alkene and 
diene biosynthesis is being further dissected by the metabolomic analysis of the cuticular 
waxes of the silk and pollen of a collection of glossy mutants that affect the normal 
accumulation of cuticular waxes. 
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Very long chain fatty acids are the products of an ER-localized fatty acyl-CoA 
elongase, which elongates Cig-fatty acyl-CoA to chain lengths of 20 carbons and longer. The 
elongase system is thought to be a complex of at least four catalytic functions: 3-ketoacyl-
CoA synthase (KCS), 3-ketoacyl-CoA reductase (KCR), 3-hydroxyacyl-CoA dehydrase and 
enoyl-CoA reductase, which act in a cyclic sequential manner to elongate the acyl chain. To 
date, genes for three of these four functions have been identified. These are: 1) the two 
maize paralogs, gl8a and gl8b, (Xu et al., 1997; Dietrich et al., 2005), that are required for 
the normal accumulation of cuticular waxes and code for the KCR component; 2) the FAE1 
gene of Arabidopsis (James et al., 1995; Fiebig et al., 2000), which codes for KCS, and 3) the 
TSC13 gene of S. cerevisiae that codes for the enoyl-CoA reductase component (Kohlwein et 
al., 2001). Sequence-based searches of maize EST collections using FAE1 as a query have 
identified at least 12 genes that may code for the KCS component (Dietrich and Schnable 
unpublished data). A similar search with TSC13 has identified a single maize gene that may 
code for the enoyl-CoA reductase component (Schnable et al., unpublished manuscript). 
Expression of each elongase component in a heterologous system, such as S. cerevisiae will 
lead to a better understanding of the nature of elongase complex, which will set the 
foundation for understanding the secondary modification reactions required for the 
biosynthesis of other cuticular wax constituents. Yeast strains expressing the g75a-encoded 
KCR or ZmKCSl or ZmKCS13 gain the ability to accumulate novel and distinct very long 
chain fatty acids. The heterologous expressed KCS and KCR genes show an epistatic 
relationship in yeast, because when they are co-expressed both single mutant chemotypes are 
greatly attenuated. These results indicate that the maize fatty acyl-CoA elongase can be 
reconstituted in yeast. Moreover, these results indicate that the products of the fatty acyl-
CoA elongase are dependent on the properties of both the KSC and KCR components. The 
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ability of heterologous expressed subunits to interact with the endogeneous host substrates 
reveals that fatty acid elongase may be a dynamic loose complex. 
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APPENDIX A. TABLES FOR CHAPTER 2 
Table 2. Composition of cuticular waxes of maize seedling leaves 
compound umole/g dry weight3 
tetradecanoic 
eicosanoic 
docosanoic 
0.012 ±0.003 
0.0036 ± 0.0007 
0.0079 + 0.0001 
1-eicosanol 
1-docosanol 
1-dotriacontanol 
0.0084 ± 0.0009 
0.05 ±0.01 
2.4 + 0.2 
heptacosa-2-one 
tricosa-2-one 
hentriaconta-2-one 
0.0045 ± 0.0006 
0.0089 ± 0.0004 
0.040 + 0.007 
pentadecane 
nonadecane 
tricosane 
nonacosane 
hentriacontane 
tritriacontane 
0.097 ± 0.005 
0.0052 ± 0.0001 
0.0149 ±0.0001 
0.0895 ± 0.0005 
0.133 ±0.007 
0.0061 + 0.0001 
octadecanal 
eicosanal 
docosanal 
tetracosanal 
dotriacontanal 
0.009 1 ± 0.0004 
0.011 ±0.001 
0.007 ± 0.003 
0.005 ± 0.002 
2.5 + 0.4 
C38 ester 
C40 ester 
C44 ester 
C46 ester 
C48 ester 
C52 ester 
trace 
0.00014 ±0.00002 
0.00019 ± 0.00009 
0.00007 ± 0.00008 
0.00006 ± 0.00001 
0.00198 + 0.0002 
Average of three independent extractions ± standard deviation. 
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Table 3. Composition of cuticular waxes of maize coleoptiles 
compound umole/g dry weight3 
tricosa-2-one 0.0083 + 0.0008 
pentacosa-2-one 0.0054 ± 0.0005 
heptacos-2-one 0.0078 + 0.0008 
heneicosane 0.019 + 0.002 
tricosane 0.0033 ± 0.0003 
pentacosane 0.0065 ± 0.0007 
heptacosane 0.0143 ± 0.0014 
nonacosane 0.094 ± 0.009 
hentriacontane 0.051 + 0.005 
docosanal 0.021 + 0.002 
tetracosanal 0.040 + 0.004 
hexacosanal 0.045 ± 0.005 
octacosanal 0.34 + 0.03 
triacontanal 0.42 + 0.04 
dotriacontanal 0.49 ± 0.05 
C40 ester 0.014 ±0.001 
C42 ester 0.0076 ± 0.0007 
C44 ester 0.0078 ± 0.0008 
C46 ester 0.0086 ± 0.0008 
C48 ester 0.0059 + 0.0006 
friedelin 0.33 ± 0.03 
tocopherols 0.091 ± 0.009 
Average of three independent extractions + standard deviation. 
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Table 2.4. Composition of cuticular waxes of mature leaves 
compound umole/g dry weight3 
henicosa-2-one 
heptacosa-2-one 
0.00208 ± 0.00007 
0.00119 + 0.00003 
heneicosane 
pentacosane 
nonacosane 
hentriacontane 
0.00129 ±0.00005 
0.011 ±0.002 
0.08969 ±0.00001 
0.1388 + 0.0009 
docosanal 
tetracosanal 
hexacosanal 
octacosanal 
triacontanal 
dotriacontanal 
tetratriacontanal 
0.003 ± 0.001 
0.0026 ± 0.0002 
0.0179 ±0.0004 
0.0301 ± 0.0005 
0.029 ± 0.003 
0.0054 ± 0.0004 
0.0052 + 0.0005 
C40 ester 
C44 ester 
C46 ester 
C48 ester 
C50 ester 
0.0105 ±0.0001 
0.00062 ± 0.00007 
0.001144 ±0.000008 
0.00017 ±0.00008 
0.000469 + 0.000006 
alpha-amyrin 
beta-amyrin 
gamma-amyrin 
0.076 ± 0.003 
0.025 ± 0.006 
0.0612 + 0.002 
Average of three independent extractions ± standard deviation. 
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Table 2.5. Composition of cuticular waxes of maize ear 
compound3 nmole/g dry weight 
heneicosa-2-one 
pentacosa-2-one 
heptacosa-2-one 
nonacosa-2-one 
0.00011 ±0.00001 
0.00008 ± 0.000009 
0.00011 ±0.00001 
0.00002 + 0.000005 
18-heptacosene-2-one 0.00009 ± 0.00002 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
0.0019 ±0.0001 
0.00048 ± 0.00003 
0.0014 ± 0.0002 
0.0016 ±0.0002 
0.00031+0.00002 
9-tricosene 
9-pentacosene 
4-pentacosene 
4-heptacosene 
9-heptacosene 
6-nonacosene 
9-nonacosene 
6-hentriacontene 
9-hentriacontene 
0.00002 ± 0.000003 
0.00001 ± 0.000003 
0.00002 ± 0.000003 
0.00015 ±0.00001 
0.000027 ± 0.000006 
0.00046 ± 0.00003 
0.00028 ± 0.00001 
0.00023 ± 0.00003 
0.00004 + 0.00001 
a
 Double bond positions were identified using DMDS adducts. 
Average of three independent extractions ± standard deviation. 
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Table 2.6. Composition of cuticular waxes of maize husk 
compound11 
heneicosa-2-one 
pentacosa-2-one 
nonacosa-2-one 
heptacosa-2-one 
tricosa-2-one 
umole/g dry weight 
0.004 ± 0.001 
0.007 ± 0.004 
0.0162 + 0.005 
0.14 ±0.04 
0.009 + 0.006 
4-heptacosene-2-one 0.003 ± 0.001 
nonadecane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
0.0024 ± 0.0002 
0.017 ±0.005 
0.017 ±0.009 
0.059 ±0.015 
0.21 ±0.04 
0.07 + 0.02 
4-tricosene 
9-tricosene 
9-pentacosene 
4-pentacosene 
6-nonacosene 
9-nonacosene 
9-hentriacontene 
0.001 ± 0.0001 
0.0007 ± 0.0001 
0.004 ± 0.0005 
0.003 ± 0.001 
0.012 ± 0.006 
0.03 ± 0.01 
0.07 + 0.02 
octacosanal 
triacontanal 
dotriacontanal 
0.015 ±0.007 
0.06 ± 0.03 
0.023 + 0.002 
C38 ester 
C40 ester 
C42 ester 
C44 ester 
C46 ester 
C48 ester 
0.001 ± 0.0002 
0.0025 ± 0.0003 
0.00444 ± 0.0004 
0.0068 ± 0.0006 
0.0035 ± 0.0007 
0.00007 + 0.00002 
amynns 0.006 + 0.0006 
a
 Double bond positions were identified using DMDS adducts. 
Average of three independent extractions ± standard deviation. 
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Table 7. Composition of cuticular waxes of maize pollen 
compound3 umole/g dry weight 
heneicosa-2-one 0.0072 + 0.0007 
pentacosa-2-one 0.024 ± 0.008 
heptacosa-2-one 0.027 ± 0.002 
nonacosa-2-one 0.006 + 0.001 
tricosa-2-one 0.009 + 0.001 
16-pentacosene-2-one 0.008 + 0.001 
4-pentacosene-2-one 0.0026 ± 0.0002 
18-heptacosene-2-one 0.011 + 0.007 
4-nonacosene-2-one 0.0017 + 0.0003 
23-nonacosene-2-one 0.0025 + 0.0007 
tricosane 0.022 + 0.001 
pentacosane 0.31+0.06 
heptacosane 0.43 ± 0.05 
nonacosane 0.187 + 0.001 
hentriacontane 0.102 + 0.001 
heneicosane 0.0076 + 0.0004 
?-pentacosene 0.009 ±0.001 
4-pentacosene 0.0046 ± 0.0003 
9-pentacosene 0.008 + 0.002 
?-heptacosene 0.007 + 0.004 
9-heptacosene 0.055 + 0.005 
4-heptacosene 0.082 + 0.016 
9-nonacosene 0.154 ± 0.006 
4-nonacosene 0.5 + 0.1 
6-nonacosene 0.04 + 0.01 
9-hentriacontene 0.13 ± 0.03 
4-hentriacontene 0.072 + 0.001 
6,9-heptacosadiene 0.0012 + 0.0009 
9,12-nonacosadiene 0.021+0.004 
6,9-nonacosadiene 0.0056 + 0.0004 
friedelin 0.029 + 0.001 
ergosa-5-en-3b-ol 0.056 + 0.012 
ergosa-5,24-dien-3b-ol 0.011 + 0.007 
stigmasterol 0.003 + 0.001 
gamma-sitosterol 0.007 ± 0.004 
fern-7-en-3b-ol 0.0016 + 0.0009 
a
 Double bond positions were identified using DMDS adducts. 
Unidentified double bonds positions are indicated with "?" 
Average of three independent extractions + standard deviation. 
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Table 8. Composition of cuticular waxes of maize silk 
compound' umole/g dry weight 
nonadeca-2-one 
henicosa-2-one 
tricosa-2-one 
pentacosa-2-one 
heptacosa-2-one 
nonacosa-2-one 
0.009 ± 0.001 
0.03 ± 0.01 
0.08 ± 0.01 
0.034 ± 0.006 
0.112 ±0.005 
0.062 + 0.008 
16-pentacosene-2-one 
4-pentacosene-2-one 
4-heptacosene-2-one 
18-heptacosene-2-one 
4-nonacosene-2-one 
23-nonacosene-2-one 
0.004 ± 0.002 
0.002 ± 0.001 
0.005 ± 0.001 
0.0385 ±0.0005 
0.0070 ± 0.0008 
0.0065 + 0.0005 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
0.026 ± 0.001 
0.2738 ±0.0015 
0.31 ±0.01 
0.6 ±0.1 
0.96 ±0.05 
0.442 + 0.003 
6-tricosene 
9-tricosene 
4-tricosene 
6-pentacosene 
9-pentacosene 
4-pentacosene 
9-heptacosene 
4-heptacosene 
6-nonacosene 
9-nonacosene 
4-nonacosene 
6-hentriacontene 
9-hentriacontene 
4-hentriacontene 
trace 
0.008 ± 0.004 
0.013 ±0.001 
0.009 ± 0.003 
0.138 ±0.008 
0.131 ±0.004 
0.089 ±0.012 
0.15 ±0.02 
0.14 ±0.03 
0.051 ±0.009 
0.42 ± 0.04 
0.024 ± 0.002 
0.17 ±0.03 
0.0341 + 0.0003 
6,9-pentacosadiene 
6,9-heptacosadiene 
9,12-heptacosadiene 
9,12-nonacosadiene 
9,12-hentriacontadiene 
0.0196 ±0.0001 
0.044 ± 0.004 
0.008 ± 0.001 
trace 
trace 
a
 Double bond positions were identified using DMDS adducts. 
Average of three independent extractions ± standard deviation. 
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Table 2.9. Cuticular wax composition of first three seedling leaves3 
1st leaf 2nd leaf 3rd leaf 
aldehydes 0.66 ±0.12 0.99 ±0.023 0.43 ±0.11 
alkanes 0.028 ± 0.005 0.075 ± 0.024 0.26 ± 0.09 
ketones 0.003 ±0.001 0.033 ±0.0005 0.008 ±0.001 
alcohols 0.33 ±0.08 1.7 ±0.8 0.24 ±0.14 
esters 0.0006 ±0.0001 0.0014 ±0.0007 0.0004 ±0.0001 
a
 Average of three independent extractions ± standard deviation. Units are 
in nmole/g dry weight. 
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Table 2.10. Composition of cuticular waxes of leaf blades and leaf sheaths" 
leaf leaf region aldehydes alkanes ketones alcohols esters 
1st sheath 0.46 + 0.13 0.009 + 0.001 0.0018 + 0.0008 0.023 ±0.001 0.00064 + 0.00011 
blade 0.43 ±0.13 0.018 ±0.009 0.003 ±0.001 0.4 ±0.1 N. D.b 
2nd sheath 0.09 ±0.01 0.008 ±0.001 0.003 ±0.001 0.58 ±0.15 N. D.b 
blade 0.82 ±0.16 0.089 ±0.032 0.048 ±0.011 1.1 ±0.25 0.0018 ±0.0008 
3rd sheath 0.35 ±0.11 0.009 ±0.002 0.007 ±0.002 0.044 ±0.008 N. D.b 
blade 0.63 + 0.23 0.23 + 0.09 0.013 + 0.007 0.41+0.11 0.0004 + 0.0001 
"Average of three independent extractions ± standard deviation. Units are |umole/g dry weight. 
T"J. D. = Not detected; below the detection limit of 1 pmole. 
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Table 2.11. Composition of cuticular waxes of sections of theleaf blades2 
leaf section 
first leaf 
proximal 
mid 
distal 
second leaf 
proximal 
mid 
distal 
aldehydes 
0.18 ±0.05 
0.217 + 0.009 
0.31 ±0.09 
0.182 ±0.006 
0.51+0.12 
0.26 ± 0.06 
alkanes 
0.006 ± 0.001 
0.008 ± 0.001 
0.014 ±0.008 
0.044 ± 0.007 
0.025 ± 0.008 
0.006 ± 0.001 
alcohols 
0.08 ±0.01 
0.023 ± 0.001 
0.28 ±0.11 
0.6 ±0.1 
0.34 ±0.09 
0.81 ±0.12 
esters 
0.00016 ±0.00007 
0.0004 ±0.0001 
0.00008 ± 0.00001 
0.0004 ±0.0001 
0.00023 ± 0.00008 
0.00077 ± 0.00007 
a
 Average of three independent extractions ± standard deviation. Units are in |a.mole/g dry 
weight. 
261 
Table 2.12. Cuticular wax composition of developing coleoptiles3 
ketones 
alkanes 
aldehydes 
esters 
sterols 
6d 
0.041 ± 0.005 
0.29 ± 0.04 
1.9 ±0.6 
0.348 ± 0.007 
0.42 ± 0.06 
Ageofcoleoptile 
8d 
0.022 ± 0.006 
0.1888 ±0.002 
1.16 ±0.07 
0.44 ± 0.03 
0.38 ±0.02 
lOd 
0.04 ± 0.05 
0.211 ±0.007 
1.11 ±0.06 
0.281 ±0.004 
0.24 ± 0.05 
a
 Units are in )j.mole/g dry weight 
Average of three independent extractions ± standard deveiation. 
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APPENDIX B. FIGURES AND TABLES FOR CHAPTER 4 
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Figure 4.1 
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Ketones 
100% 
75% 
J3> 50% A 
25% 
0% -I 
wt(B73) gl8a gl8b 
Figure 4.4 
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Free acids 
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Figure 4.8 
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Table 4.1. Cuticular wax composition (nmole/g 
Compound Wt standard error 
dodecanoic acid 
tetradecanoic acid 
hexadecanoic acid 
octadecanoic acid 
eicosanoic acid 
docosanoic acid 
total fatty acids 
1-octadecanol 
1-eicosanol 
1-docosanol 
1-triacontanol 
1-dotriacontanol 
1-tetratriacontanol 
total alcohols 
pentadecane 
heptadecane 
nonadecane 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
tritriacontane 
total alkanes 
2-heptadecanone 
2-nonadecanone 
2-tricosanone 
2-pentacosanone 
2-heptacosanone 
2-nonacosanone 
2-hentriacontanone 
total ketones 
hexadecanal 
octadecanal 
eicosanal 
docosanal 
tetracosanal 
hexacosanal 
octacosanal 
triacontanal 
dotriacontanal 
tetratriacontanal 
total aldehydes 
total esters c 
Total 
N.D.a 
11.5 
N.D.a 
N.D.a 
3.60 
7.90 
23 
N.D.a 
8.40 
53.0 
N.D.a 
2398 
N.D.a 
2459 
96.8 
N.D.a 
5.20 
N.D.a 
14.9 
N.D.a 
N.D.a 
89.5 
133.2 
6.1 
346 
4.50 
N.D.a 
8.9 
N.D.a 
N.D.a 
N.D.a 
39.70 
53 
N.D.a 
9.10 
10.50 
7.400 
5.100 
N.D.a 
N.D.a 
N.D.a 
2537.0 
N.D.a 
2569 
2.4 
5452 
n.a.b 
0.5 
n.a.b 
n.a.b 
0.07 
0.01 
3 
n.a.b 
0.09 
0.1 
n.a.b 
200 
n.a.b 
200 
0.5 
n.a.b 
0.01 
n.a.b 
0.1 
n.a.b 
~ - b 
n.a. 
0.5 
6.6 
0.1 
10 
0.08 
n.a.b 
0.4 
n.a.b 
n.a.b 
n.a.b 
0.08 
5 
n.a.b 
0.04 
0.09 
0.003 
0.002 
n.a.b 
n.a.b 
n.a.b 
400.3 
n.a.b 
150 
1.0 
1003 
a
 N.D.= Not Detected; less than the detection limit of 1 pmole/ 
b
 n.a.= not applicable;cester composition is presented in Table 
weight) 
g!8a standard error g!8b standard error 
17.5 
14.1 
1.000 
13.70 
2.30 
4.300 
53 
5.90 
54.40 
1.20 
N.D.a 
68.80 
4.5 
135 
1.30 
N.D.a 
6.40 
1.80 
1.00 
1.00 
N.D.a 
16.0 
12.4 
N.D.a 
40 
2.70 
0.90 
1.50 
1.2 
0.8 
2.60 
1.16 
11 
13.10 
4.8 
24.4 
47.10 
3.8 
N.D.a 
4.20 
N.D.a 
83.1 
0.6 
181 
8.8 
429 
0.6 
0.8 
0.006 
0.05 
0.05 
0.003 
1 
0.09 
0.04 
0.06 
n.a.b 
0.04 
0.2 
1 
0.02 
n.a.b 
0.08 
0.09 
0.01 
0.01 
n.a.b 
0.3 
0.5 
„ ., b 
n.a. 
7 
0.05 
0.03 
0.01 
1.0 
0.3 
0.03 
0.08 
1 
0.03 
0.7 
0.9 
0.02 
0.9 
n.a.b 
0.01 
n.a. 
0.2 
0.7 
1 
1.0 
99 
N.D.a 
N.D.a 
1.50 
32.60 
5.00 
N.D.a 
39 
N.D.a 
69.3 
7.10 
48.20 
793.8 
6.70 
925 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
3.40 
N.D.a 
N.D.a 
65.40 
84.2 
3.60 
157 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
N.D.a 
8.20 
6.80 
6.80 
40.50 
17.70 
55.60 
1603.0 
7.50 
1746 
73.5 
2940 
n.a.b 
n.a.b 
0.05 
0.08 
0.01 
n.a.b 
1 
n.a.b 
0.1 
0.07 
0.02 
3.4 
0.03 
50 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
0.04 
n.a.b 
n.a.b 
0.10 
0.7 
0.05 
30 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
n.a.b 
0.02 
0.04 
0.07 
0.03 
0.01 
0.04 
30.2 
0.07 
10 
1.0 
967 
g dry weight 
4.2. 
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Table 4. 2. Esters of cuticular 
esters 
C40 esters 
tetracosanyl hexadecanoate 
docosanyl octadecanoate 
eicosanyl eicosanoate 
octadecyl docosanoate 
C42 esters 
hexacosanyl hexadecanoate 
tetracosanyl octadecanotae 
docosanyl eicosanoate 
eicosanyl docosanoate 
octadecyl tetracosanoate 
hexadecyl hexacosanoate 
C44 esters 
octacosanyl hexadecanoate 
hexacosanyl octadecanoate 
teteracosanyl eicosanoate 
docosanyl docosanoate 
eicosanyl tetracosanoate 
octadecyl hexacosanoate 
C46 esters 
trlacontanyl hexadecanoate 
octacosanyl octadecanoate 
hexacosanyl eicosanoate 
tetracosanyl docosanoate 
docosanyl tetracosanoate 
eicosanyl hexacosanoate 
octadecyl octacosanoate 
C48 esters 
dotriacontanyl hexadecanoate 
triacontanyl octadecanoate 
octacosanyl eicosanoate 
hexacosanyl docosanoate 
tetracosanyl tetracosanoate 
C52 esters 
dotriacontanyl eicosanoate 
triacontanyl docosanoate 
total esters 
waxes (nmole/g dry weight) 
Wt S.E.a g!8a 
0.056 0.002 0.26 
0.026 0.001 0.1 
0.055 0.001 0.48 
0.0045 0.0002 0.0983 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.160 
0.686 
0.52 
0.363 
0.0458 
0.0045 
N.D.b 
0.0230 
0.145 
0.010 
0.0126 
0.005 
n.a. 
0.0001 
0.008 
0.001 
0.0006 
0.001 
0.026 
0.38 
1.8 
0.658 
0.11 
0.0050 
N.D.b 
N.D.b 
0.0303 
0.027 
0.0084 
N.D.b 
N.D.b 
n.a. 
n.a. 
0.0008 
0.007 
0.0006 
n.a.c 
n.a.c 
0.013 
0.015 
N.D.b 
2.12 
0.040 
0.012 
N.D.b 
0.0325 0.0081 0.125 
N.D.b n.a.c 0.105 
N.D." n.a.c N.D.b 
0.0244 0.0009 0.36 
N.D.a n.a.b 0.404 
1.1 0.1 N.D.b 
0.866 0.006 N.D.b 
2.4 1.0 8.8 
S.E." gl8b S.E.a 
0.01 6.7 0.1 
0.1 1.49 0.08 
0.01 8.45 0.05 
0.0006 N.D." n.a.c 
0.009 
0.006 
0.01 
0.006 
0.0002 
0.0001 
1.95 
8.86 
7.39 
4.66 
N.D.b 
N.D.b 
0.08 
0.09 
0.02 
0.03 
n.a.c 
n.a.c 
0.006 2.8 0.1 
0.07 29.7 3.0 
0.5 1.9 0.1 
0.008 N.D." n.a.c 
0.01 N.D.b n.a.c 
0.0004 N.D." n.a.c 
0.009 
0.007 
n.a.c 
0.03 
0.007 
0.005 
n.a. 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D." 
N.D.b 
N.D.b 
n.a. 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.002 
0.008 
n.a.c 
0.06 
0.004 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c N.D." n.a.c 
n.a.c N.D.3 n.a.° 
1.0 73.5 1.0 
aS.E.= Standard Error, based on three independent determinations. 
b
 N.D.= Not Detected; less than the detection limit of 1pmole/g dry weight 
cn.a. = not applicable 
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Table 4.3. Carbon chain lenghts of all cuticular wax components (|jmole/g dry weight) 
chain lengths a 
Cn+C12 
Cl3+Ci4 
Cis+Ci6 
Cl7+Cl8 
Cl9+C20 
C21+C22 
C23+C24 
C25+C26 
C27+C28 
C29+C30 
C31+C32 
C33+C34 
wt 
N.D.a 
0.012 
0.097 
0.016 
0.030 
0.069 
0.030 
N.D.a 
0.001 
0.090 
5.1 
0.006 
standard error 
n.a.c 
0.001 
0.003 
0.001 
0.001 
0.004 
0.001 
n.a.c 
0.000 
0.001 
0.9 
0.001 
gl8a 
0.018 
0.014 
0.028 
0.029 
0.113 
0.059 
0.012 
0.004 
0.005 
0.021 
0.166 
0.005 
standard error 
0.002 
0.001 
0.001 
0.001 
0.004 
0.002 
0.001 
0.001 
0.001 
0.002 
0.003 
0.001 
gl8b 
N.D.a 
N.D.a 
0.011 
0.072 
0.111 
0.025 
0.025 
0.071 
0.020 
0.169 
2.5 
0.018 
standard error 
n.a.c 
n.a.c 
0.006 
0.001 
0.001 
0.003 
0.001 
0.001 
0.002 
0.007 
0.4 
0.004 
a
 Because odd numbered carbon chain length components are derived from components 
that are one-carbon longer, these are summed. 
b
 N.D.= Not Detected; less than the detection limit of 1 pmole/gdry weight 
c
 n. a. = not applicable 
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Table 4.4: Fatty acid composition of gl8 mutant kernels (umole/g dry weight) 
hexadecanoic acid (16:0) 
9,12-octadecadienoicacid (18:2) 
9-octadecaenoic acid (18:1) 
octadecanoic acid (18:0) 
eicosanoic acid (20:0) 
?,?-eicosadienoic acid (20:2)a 
?-docosaenoic acid (22:1)a 
docosanoic acid (22:0) 
tetracosanoic acid (24:0) 
hexacosanoic acid (26:0) 
sum 
Wt 
8.5 
1.6 
30.1 
16.1 
1.1 
1.0 
1.2 
0.21 
0.30 
0.11 
60 
standard error 
2.0 
0.7 
8.0 
2.3 
0.6 
0.2 
0.5 
0.09 
0.05 
0.07 
15 
gl8a 
7.7 
0.7 
15.8 
9.2 
0.14 
0.14 
0.15 
0.022 
0.027 
0.07 
34 
standard error 
1.1 
0.1 
3.7 
2.0 
0.07 
0.09 
0.07 
0.009 
0.005 
0.06 
7 
gl8b 
10.2 
1.7 
34.9 
18.0 
0.7 
0.7 
0.9 
0.21 
0.2 
0.19 
68 
standard error 
2.4 
0.6 
10.6 
6.0 
0.2 
0.1 
0.3 
0.02 
0.2 
0.10 
14 
a
 double bond position(s) is(are) unknown 
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Table 4.5: Ceramide associated fatty acids of g!8 mutant kernels (umole/g dry weight) 
2-hydroxyhexadecanoic acid (16h:0) 
2-hydroxy-9-octadecaenoic acid (18h:1) 
2-hydroxyoctadecanoic acid (18h:0) 
octadecanoic acid (18:0) 
2-hydroxyeicosanoic acid (20h:0) 
2-hydroxydocosanoic acid (22h:0) 
2-hydroxydocosa-?-enoic acid (22h:1)d 
2-hydroxytetracosa-?-enoic acid (24h:1)d 
2-hydroxytetracosanoic acid (24h:0) 
2-hydroxyhexacosanoic acid (26h:0) 
sum 
Wt 
N.D. b 
0.847 
0.10 
0.40 
0.77 
0.4 
0.00 
0.01 
0.19 
N.D. b 
2.8 
S.Ea 
n.a.c 
0.005 
0.02 
0.10 
0.05 
0.2 
0.10 
0.00 
0.06 
n.a.c 
0.4 
gl8a 
N.D. b 
0.059 
0.004 
0.090 
0.039 
N.D. b 
0.10 
0.002 
0.015 
0.003 
0.31 
S.Ea 
n.a.c 
0.001 
0.004 
0.030 
0.008 
n.a.c 
0.06 
0.001 
0.003 
0.001 
0.05 
gl8b 
0.9 
0.03 
0.39 
0.04 
0.92 
0.6 
0.15 
0.02 
0.16 
0.05 
3.3 
S.Ea 
0.1 
0.04 
0.10 
0.01 
0.06 
0.4 
0.10 
0.01 
0.08 
0.02 
0.5 
aS.E. = Standard Error 
b
 N.D. = Not Detected; detection limit is less than 1 pmole/g dry weight 
cn.a. = not applicable 
ddouble bond position(s) is(are) unknown 
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Table 4. 6: Fatty acid composition of gl8a gl8b double mutant kernels (umole/ g dry weight) 
CI8a g!8b standard error g!8a g!8b standard error 
hexadecanoic acid (16:0) 
9,12-octadecadienoicacid (18:2) 
9-octadecaenoic acid (18:1) 
octadecanoic acid (18:0) 
?-eicosaenoic(20:1)a 
eicosanoic acid (20:0) 
docosanoic acid (22:0) 
tetracosanoic acid (24:0) 
hexacosanoic acid (26:0) 
sum 
13.9 
21.4 
12.3 
4.2 
0.5 
0.7 
0.29 
0.25 
0.23 
53.7 
4.0 
4.6 
2.4 
1.0 
0.2 
0.1 
0.08 
0.03 
0.01 
9.0 
13.5 
18.0 
7.7 
2.0 
N.D.b 
0.3 
0.024 
N.D.b 
N.D.b 
41.5 
3.1 
2.8 
2.1 
0.7 
n.a.c 
0.092 
0.001 
n.a.c 
n.a.c 
13.3 
a
 double bond position(s) is(are) unknown 
b
 N.D.= Not Detected; detection limit is less than 1 pmole/g dry weight 
c
 n.a.= not applicable 
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Table 4. 7: Ceramide associated fatty acids of gl8a gl8b double mutant kernels (umole/g dry weight) 
GI8a g!8b standard error g!8a g!8b standard error 
2-hydroxyhexadecanoic acid (16h:0) 
2-hydroxy-9-octadecaenoic acid (18h:1) 
2-hydroxyoctadecanoic acid (18h:0) 
octadecanoic acid (18:0) 
2-hydroxyeicosanoic (20h:0) 
2-hydroxydocosanoic acid (22h:0) 
2-hydroxy-?-docosaenoic acid (22h:1)a 
2-hydroxy-?-tetracosaenoic acid (24h:1)a 
2-hydroxytetracosanoic acid (24h:0) 
2-hydroxyhexadocosanoic (26h:0) 
0.89 
0.08 
0.6 
0.00020 
1.0 
0.40 
0.236 
0.074 
0.20 
0.073 
3.6 
0.06 
0.02 
0.1 
0.00008 
0.2 
0.07 
0.006 
0.003 
0.07 
0.003 
0.9 
0.050 
0.052 
0.12 
N.D.b 
0.087 
0.10 
0.075 
0.081 
0.041 
0.014 
0.63 
0.001 
0.001 
0.02 
n.a.c 
0.005 
0.03 
0.005 
0.002 
0.002 
0.002 
0.03 
double bond position(s) is(are) unknown 
b
 N.D.= Not Detected; less than the detection limit of 1 pmole 
0
 n.a = not applicable 
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APPENDIX C. FIGURES AND TABLES FOR CHAPTER 5 
Chemical analyses presented in Chapter 5 were extended further into the different alleles of 
gl8a gene which represented in the Figure 5.1. Following schematic diagram of gl8 genes, 
several figures show the behavior of different gl8a alleles of the cuticular wax components of 
mature leaf, silk, and pollen. 
4' 
gl8b-Mu 
Mul 
# 
5' 
gl8a 
gl8amu-88-3142
 gl8amu-77-3J34 
f ? ^ 
\gJ8a-ref) fl 
gl8amu-7 5-5074 
CZL 
Figure 5.1. Schematic diagrams of gl8 genes. Top; gl8b-Mu allele on chromosome arm 4 
bottom; gl8a on chromosome arm 5, and its alleles (Dietrich, 2002). 
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Figure 5.2. The effect of the alleles of gl8a mutation on the cuticular waxes of mature leaf. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and different alleles of 
gl8a mutants as described in the Materials and Methods. The effect of the alleles of gl8a 
mutation on the absolute amounts of the cuticular wax chemical classes. The numerical data 
are presented in Appendix C Table 5.6. 
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Figure 5.3. The effect of the alleles of gl8a mutation on the cuticular waxes of mature leaf. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and different alleles of 
gl8a mutants as described in the Materials and Methods. 
The effect of the alleles of gl8a mutation on the carbon chain lengths of all cuticular wax 
components: (A) absolute amounts, (B) mole proportion; C21 + C22, 
C23 + C24, ; C25 + C26, ; C27 + C28,1; C29 + C30, • ; and C31 + C32,1; C33 + C34 fl. 
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Figure 5.4. The effect of the alleles of gl8a mutation on the cuticular waxes of silk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and different alleles of gl8a 
mutants as described in the Materials and Methods. The effect of the alleles of gl8a mutation 
on the absolute amounts of the cuticular wax constituents. The numerical data are presented 
in Appendix C Table 5.7. 
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Figure 5.5. The effect of the alleles of gl8a mutation on the cuticular waxes of silk. Cuticular 
waxes were extracted and analyzed from wild type, gl8a, and different alleles of gl8a 
mutants as described in the Materials and Methods. The effect of the alleles of gl8a mutation 
on the carbon chain lengths of all cuticular wax components: (A) absolute amounts, (B) mole 
proportion. Panel B figure legends are same as panel A. 
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Figure 5.6. The effect of the alleles of gl8a mutation on the cuticular waxes of pollen. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and different alleles of 
gl8a mutants as described in the Materials and Methods. The effect of the alleles of gl8a 
mutation on the absolute amounts of the cuticular wax chemical constituents. The numerical 
data are presented in Appendix C Table 5.8. 
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Figure 5.7. The effect of the alleles of gl8a mutation on the cuticular waxes of pollen. 
Cuticular waxes were extracted and analyzed from wild type, gl8a, and different alleles of 
gl8a mutants as described in the Materials and Methods. The effect of the alleles of gl8a 
mutation on the carbon chain lengths of all cuticular wax components: (A) absolute amounts, 
(B) mole proportion. Panel B figure legends are same as panel A. 
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Table 5.1. Constituents of husk cuticular waxes 
heneicosa-2-one 
pentacosa-2-one 
*nonacosa-2-one 
heptacosa-2-one 
,tricosa-2-one 
4-heptacosene-2-one 
nonadecane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
4-tricosene 
9-tricosene 
9-pentacosene 
4-pentacosene 
6-nonacosene 
9-nonacosene 
9-hentriacontene 
wt 
0.004 + 0.001 
0.008 + 0.002 
0.016 + 0.008 
0.137 + 0.009 
0.009 + 0.001 
0.0026 + 0.0009 
0.0024 + 0.0007 
0.017 + 0.005 
0.0175 + 0.0003 
^ 5 9 + j O 0 0 7 
MT+OOT^ 
0.071 + 0.02 
0.001 + 0.0006 
0.0007 + 0.0001 
0.004 + 0.001 
0.0034 + 0.0008 
0.012 + 0.009 
0.07 + 0.01 
octacosanal 
triacontanal 
dotriacontanal 
C38 ester 
C40 ester 
C42 ester 
C44 ester 
C46 ester 
C48 ester 
amyrins 
•total 
0.015 + 0.009 
0.06 ±0.02 
0.023 ± 0.007 
0.0012 + 0.0008 
0.0023 + 0.0005 
0.004 + 0.001 
0.007 + 0.001
 ( 
0.004 + 0.001 
0.00007 + 0.00001 ! 
0.005 + 0.002 
0.79 + 0.02 
Avareage of three (umole/ g dry weight) determinan 
bN.D.=Not Detected; belo\ v the detection limit of 1 p 
g!8a 
N . D b 
N.D." 
N.D.b 
N.D :b 
N.D.b 
N.D.b 
N . D b 
0.014 ±0.004 
0.018^0.007 
0.018 + 0.009 
0.025 ± 0.003 
0.006 + 0.001 
N . D b 
N . D b 
NJD b 
N . D b 
N . D b 
N.D.b 
N.D." 
N,D> " ' 
N.D." 
N . D b 
N.D,b 
N.D.b 
N . D b , 
N . D b 
N . D b 
N . D b 
N.D." ' 
0.08 + 0.02 
ts + standard deviatic 
mole. 
^ 
i 
Zl8b 
N . D b 
iN.D b 
N.D." 
lN.D.b 
N . D b 
N . D b 
N . D b 
0.154 + 0.009 
0.179 ±0.003 
10.12 ±0.02 
O^6+JDJ0J[ 
0.022 + 0.005 
N . D b 
N.D." 
N . D b 
N . D b 
N.D.b 
N.D b 
0.016 + 0.004 
N.D.b 
N.D.b 
K D ^ 
N . D b 
N . D b 
N . D b 
N.D." 
N.D.b 
N . D b 
0.00014 + 0.00001 
0.54 + 0.06 
n. 
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(Table 5.2. Constituents of mature leaf cuticular waxes3 
1 
| 
lhenicosa-2-one 
heptacosa-2-one 
heneicosane 
pentacosane 
nonacosane 
hentriacontane 
docosanal 
tetracosanal 
.hexacosanal 
octacosanal 
triacontanal 
dotriacontanal 
tetra triacontanal 
C42 ester 
C44 ester 
C46 ester 
C48 ester 
C50 ester 
a-amyrin 
(3-amyrin 
wt 
0.0021 + 0.0004 
gl8a 
bN.D. 
0.0012 + 0.0005 bN.D. 
0.0013 + 0.0008 bN.D. 
0.011 + 0.005 bN.D. 
0.09 + 0.01 0.0012 + 0.0005 
.0.14 + 0.07 _ l ^ 0 1 5 7 + a009 
1 
I 0.0033 + 0.0009 )bN.D. 
0.0026 + 0.0006 
0.018 + 0.005 
6.030 + a008 
0.029 + 0.005 
0.005 + 0.001 
0.005 + 0.001 
bN.D. 
0.003 + 0.001 
0.003 + 0.001 
bN.D. 
bN.D. 
0.0032 + 0.0006 lbN.D. 
JM?3 + aoooi o - 0 0 1 5 ^ 0 - 0 0 0 ^ 
"0.02~9+ OJXtf~" 0.0027 + a00022 
0.010 + 0.001 bN.D. 
0.0005 + 0.0001 bN.D. 
0.08 + 0.02 
6.025 + 0.008" 
7-amyrin 10.062 0.008 
total 0.57 + 0.03 
0.0001+0.00006 
0.0001 -+ 0.00008 
67o66r+6.oooo4 
0.027 + 0.005 
Average of three (umole/g dry weight) independent determinants 
N.D.= Not Detected, below the detection limit of 1 pmole. 
Rl8b 
0.0029 + 0.0004 
0.0011 + 0.0009 
0.0009 + 0.0001 
0.0021 + 0.0008 
0.016 + 0.005 
0.14 + 0.04 
bN.D._ 
bN.D. 
bN.D. 
0.024 + 0.008" 
JOL024+J).005_ 
bN.D. 
0^020 + 00001 
"^66¥o~+o.oooT 
0.014 + 0.005 
0.0020 + 0.0003 
bN.D. 
0.035 + 0.009 
0.012 + 0.004 
0.029 + 0.006 
0.32 + 0.05 
+ standard deviation 
-
. 
- -
— 
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Table 5.3. Constituents of ear cuticular waxes3 
wt gl8a gl8b 
heneicosa-2-one 
pentacosa-2-one 
heptacosa-2-one 
nonacosa-2-one 
18-heptacosene-2-one 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
9-tricosene 
9-pentacosene 
4-pentacosene 
4-heptacosene 
9-heptacosene 
6-nonacosene 
9-nonacosene 
6-hentriacontene 
9-hentriacontene 
total 
0.011+0.007 
0.009 ± 0.002 
0.011+0.009 
0.0024 + 0.0005 
0.0094 ± 0.0010 
0.19 ±0.06 
0.048 ± 0.006 
0.14 + 0.05 
0.158 + 0.006 
0.03 ±0.01 
0.0017 ±0.0007 
0.0014 ±0.0008 
0.0015 ±0.0006 
0.010 ±0.002 
0.0027 + 0.0008 
0.05 ±0.01 
0.028 ± 0.009 
0.023 + 0.008 
0.004 ± 0.001 
0.73 ± 0.06 
N.Db 
0.005 ±0.001 
N.D.b 
0.001 ±0.009 
N.D.b 
0.16 ±0.08 
0.04 ±0.01 
0.15 ±0.06 
0.12 ±0.05 
0.027 ±0.007 
N.D.b 
N.D.b 
0.0013 ±0.0007 
0.009 ± 0.003 
0.0011 ±0.0006 
0.0367 ± 0.008 
0.021 ±0.005 
0.022 ± 0.008 
N.D.b 
0.61 ±0.01 
N.D.b 
0.0008 ± 0.0001 
N.D.b 
0.0011 ±0.0005 
N.D.b 
0.0005 ±0.0001 
0.013 ±0.007 
0.070 + 0.005 
0.074 + 0.002 
0.013 ±0.004 
N.D.b 
N.D.b 
0.0002 ±0.0001 
0.0006 ±0.0001 
0.0004 + 0.0001 
0.005 ±0.001 
0.004 ± 0.001 
0.0037 + 0.0008 
N.D.b 
0.19 + 0.03 
"Average of three (nmole/g dry weight) independent determinations ± standard deviation. 
T J^.D. = Not Detected; below the detection limit of 1 pmole. 
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Table 5.4. Constituents of silk cuticular waxes3 
compound 
nonadecanone 
heneicosanone 
tricosanone 
pentacosanone 
heptacosanone 
nonacosanone 
9-tricosenone 
4-tricosenone 
9-pentacosenone 
4-pentacosenone 
9-heptacosenone 
4-heptacosenone 
9-nonacosenone 
4-nonacosenone 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
6-tricosene 
6-heptacosene 
6-nonacosene 
6-hentriacontene 
4-tricosene 
4-pentacosene 
4-heptacosene 
4-nonacosene 
4-hentriacontene 
9-tricosene 
9-pentacosene 
9-heptacosene 
9-nonacosene 
9-hentriacontene 
9,12-pentacosadiene 
9,12-heptacosadiene 
6,9-heptacosadiene 
6,9-nonacosadiene 
9,12-nonacosadiene 
wt 
0.009 ± 0.002 
0.036 ± 0.002 
0.078 ± 0.003 
0.0341+0.0009 
0.113 + 0.003 
0.063+0.002 
"N.D. 
"N.D. 
0.004 ±0.001 
0.002 + 0.002 
0.0053 ± 0.0002 
0.039 ± 0.003 
0.007 ± 0.001 
0.0065 ± 0.0009 
0.026 + 0.0003 
0.274 + 0.008 
0.310 ±0.002 
0.57 ± 0.02 
0.96 ±0.2 
0.442 + 0.002 
V.D. 
"N.D. 
0.14 ±0.03 
0.025 ± 0.005 
0.013 ±0.001 
0.132 + 0.004 
0.157 ±0.004 
0.43 ±0.01 
0.034 ± 0.002 
0.0078 ± 0.0009 
0.139 ±0.008 
0.089 ±0.001 
0.052 + 0.002 
0.178 ±0.008 
0.019 ±0.002 
"N.D. 
0.044 ± 0.002 
"N-D. 
0.008 ± 0.002 
Zl8a 
0.0041 ± 0.0002 
0.021 ±0.001 
0.0567 ± 0.0006 
0.024 ± 0.002 
0.086 ± 0.005 
0.044 ± 0.004 
0.0025 ± 0.0007 
0.0023 ± 0.0002 
0.0023 ± 0.0002 
0.0011 ±0.0009 
0.0043 ± 0.0007 
0.0306 ± 0.0004 
0.0084 ± 0.0006 
0.0016 ±0.0004 
0.0137 ±0.0006 
0.177 ±0.007 
0.25 ± 0.03 
0.48 ± 0.03 
0.882 ±0.003 
0.3011 ±0.0002 
"N.D. 
"N.D. 
^ . D . 
0.087 ± 0.007 
0.009 ± 0.002 
0.077 ± 0.008 
0.108 ±0.002 
0.37 ± 0.02 
0.0129 ±0.0002 
0.0046 + 0.0005 
0.114 ±0.0006 
0.128 ±0.009 
0.182 ±0.003 
0.154 ±0.006 
0.013 ±0.001 
"N.D. 
0.0393 ± 0.0006 
0.011 ±0.001 
0.103 ±0.003 
Zl8b 
0.0014 ±0.0006 
0.005 ± 0.001 
0.0114 ±0.0008 
0.0069 ± 0.0009 
0.036 ± 0.002 
0.015 ±0.003 
V.D. 
"N.D. 
"N.D. 
"N.D. 
V D . 
"N.D. 
"lSLD. 
V D . 
0.003 ±0.001 
0.042 ± 0.006 
0.053 ± 0.006 
0.155 ±0.003 
0.305 ± 0.003 
0.0922 + 0.0002 
''N.D. 
^ . D . 
0.034 ± 0.001 
0.028 ± 0.007 
"N.D. 
0.0081 ±0.0009 
0.018 ±0.002 
0.0625 ± 0.0005 
0.0411 ±0.0002 
^ . D . 
0.018 ±0.001 
0.033 ± 0.002 
0.064 ± 0.002 
0.1003 ±0.0007 
"N.D. 
V D . 
0.0062 ± 0.0007 
"N.D. 
0.003 ± 0.0001 
aAverage if three (umole/g dry weight) independent determinations ± standard deviation. 
N.D. = Not Detected; below the detection limit of 1 pmole. 
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Table 5.5. Constituents of pollen cuticular waxes3 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
triacontane 
heneicosanone 
tricosanone 
pentacosanone 
heptacosanone 
nonacosane 
9-pentacosenone 
4-pentacosenone 
9-heptacosenone 
4-heptacosenone 
9-nonacosenone 
4-nonacosenone 
4-pentacosene 
4-heptacosene 
4-nonacosene 
4-triacontene 
9-pentacosene 
9-heptacosene 
9-nonacosene 
9-triacontene 
6-pentacosene 
6-heptacosene 
6-nonacosene 
6-triacontene 
9,12-heptadiene 
6,9-heptadiene 
9,12-nonadiene 
6,9-nonadiene 
9,12-triacontene 
6,9-triacontene 
wt 
0.010 + 0.002 
0.025 ± 0.003 
0.315+0.002 
0.432 ± 0.003 
0.190 ±0.002 
0.106 ±0.004 
0.010 ±0.003 
0.011 ±0.002 
0.027 ± 0.002 
0.029 ± 0.002 
0.009 ± 0.003 
0.010 ±0.002 
0.004 ±0.001 
trace 
0.013 ±0.003 
0.004 ± 0.002 
0.005 ± 0.002 
0.011 ±0.002 
0.085 ± 0.003 
0.488 ± 0.002 
0.074 + 0.002 
0.006 ± 0.003 
0.057 + 0.002 
0.157 ±0.003 
0.130 ±0.002 
0.012 ± 0.003 
0.010 ±0.002 
0.041 ±0.002 
N.D.b 
N.D.b 
0.0034 ± 0.0006 
0.007 + 0.002 
0.024 + 0.002 
N.D.b 
N.D.b 
Zl8a 
0.004 ±0.001 
0.016 ±0.001 
0.322 ± 0.002 
0.636 ± 0.047 
0.414 ±0.002 
0.424 ± 0.002 
0.007 ±0.001 
0.016 ±0.013 
0.033 + 0.003 
0.055 ± 0.002 
0.016 ±0.002 
0.0017 ±0.0008 
0.004 ±0.001 
N.Db 
0.010 ±0.002 
N.D.b 
0.0070 ± 0.0007 
0.009 ±0.001 
0.103 ±0.002 
0.301 ±0.002 
0.194 ±0.002 
0.009 ± 0.002 
0.053 + 0.002 
0.0397 ± 0.0008 
0.0169 ±0.0007 
0.008 ±0.001 
0.021 ±0.002 
0.076 ± 0.002 
0.038 ± 0.001 
N.D b 
0.0024 ± 0.0009 
0.010 ±0.002 
0.010 ±0.003 
0.022 ± 0.002 
0.007 ±0.001 
Rl8b 
N.D.b 
N.D.b 
0.025 + 0.003 
0.095 ±0.001 
0.052 ±0.001 
0.009 ±0.001 
N.D.b 
N.D.b 
0.004 + 0.002 
0.0056 ± 0.0008 
0.0026 ±0.0016 
N.D.b 
N.D.b 
N.D." 
0.0020 + 0.0002 
N.D b 
N.D." 
N.D." 
0.014 ±0.001 
0.083 ±0.001 
N.D.b 
N.D.b 
0.007 + 0.001 
0.019 ±0.001 
0.094 ±0.001 
N.D.b 
N.D.b 
0.012 ± 0.004 
N.D.b 
N.D.b 
N.D.b 
0.0029 ± 0.0007 
N.D.b 
N.D b 
N.D.b 
a
 Average of three (umole/g dry weight) independent determinations ± standard deviation. 
"N .D.= Not Detected; below the detection limit of 1 pmole. 
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Table 5.6. Constituents of mature leaf cuticular waxes3 
henicosa-2-one 
heptacosa-2-one 
heneicosane 
pentacosane 
nonacosane 
hentriacontane 
docosanal 
tetracosanal 
hexacosanal 
octacosanal 
triacontanal 
dotriacontanal 
tetratriacontanal 
C42 ester 
C44 ester 
C46 ester 
C48 ester 
C50 ester 
a-amyrin 
/3-amyrin 
7-amyrin 
total 
wt 
0.0021 ±0.0004 
0.0012 ± 0.0005 
0.0013 ±0.0008 
0.011 ±0.005 
0.09 ±0.01 
0.14 ±0.07 
0.0033 ± 0.0009 
0.0026 ± 0.0006 
0.018 + 0.005 
0.030 ± 0.008 
0.029 ± 0.005 
0.005 ±0.001 
0.005 ±0.001 
0.0032 ± 0.0006 
0.023 ±0.0001 
0.029 ± 0.006 
0.010 ±0.001 
0.0005 ± 0.0001 
0.08 ± 0.02 
0.025 ± 0.008 
0.062 ± 0.008 
0.57 ± 0.03 
gl8aref 
VD. 
V.D. 
V.D. 
V.D. 
0.0012 ± 0.0005 
0.0157 ±0.009 
VD. 
VD. 
^ . D . 
0.003 ± 0.001 
0.003 ± 0.001 
^ . D . 
"N.D. 
VD. 
0.0015 ±0.0006 
0.0027 ± 0.0002 
VD. 
VD. 
0.00011 ±0.00006 
0.00011 ±0.00008 
0.00013 ±0.00004 
0.027 ± 0.005 
gl8amu-3134 
V.D. 
VD. 
V.D. 
VD. 
0.0015 ±0.0006 
0.019 ±0.008 
V.D. 
V.D. 
V.D. 
0.0023 ± 0.0007 
VD. 
V.D. 
V.D. 
V.D. 
0.0013 ±0.0004 
0.0021 ±0.0007 
V.D. 
V D . 
0.0021 ±0.0003 
0.0032 ± 0.0006 
0.0006 ± 0.0001 
0.031 ±0.003 
gl8amu91-159 
V.D. 
V.D. 
V.D. 
V.D. 
0.0026 ± 0.0008 
0.0219 ± 0.0006 
V.D. 
V.D. 
V.D. 
V.D. 
VD. 
V.D. 
V.D. 
V.D. 
V.D. 
V.D. 
V.D. 
V.D. 
0.0001 ± 0.00003 
0.0001 ± 0.00008 
0.0001 ± 0.00002 
0.0247 ± 0.006 
a
 Average (nmole/g dry weight) of three independent determinations + standard deviation. 
V . D ^ Not Detected, below the detection limit of 1 pmole. 
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Table 5.7. Constituents of silk cuticular waxes 
compound 
nonadecanone 
heneicosanone 
tricosanone 
pentacosanone 
heptacosanone 
nonacosanone 
9-tricosenone 
4-tricosenone 
9-pentacosenone 
4-pentacosenone 
9-heptacosenone 
4-heptacosenone 
9-nonacosenone 
4-nonacosenone 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
6-tricosene 
6-heptacosene 
6-nonacosene 
6-hentriacontene 
4-tricosene 
4-pentacosene 
4-heptacosene 
4-nonacosene 
4-hentriacontene 
9-tricosene 
9-pentacosene 
9-heptacosene 
9-nonacosene 
9-hentriacontene 
9,12-pentacosadiene 
9,12-heptacosadiene 
6,9-heptacosadiene 
6,9-nonacosadiene 
9,12-nonacosadiene 
wt 
0.009 + 0.002 
0.036 + 0.002 
0.078 + 0.003 
0.0341 + 0.0009 
0.113 + 0.003 
0.063+0.002 
V D . 
V D . 
0.004 ± 0.001 
0.002 ± 0.002 
0.0053 ± 0.0002 
0.039 ± 0.003 
0.007 ± 0.001 
0.0065 ± 0.0009 
0.026 ± 0.0003 
0.274 + 0.008 
0.310 ±0.002 
0.57 ± 0.02 
0.96 ±0.2 
0.442 + 0.002 
V D . 
V D . 
0.14 + 0.03 
0.025 ± 0.005 
0.013 ±0.001 
0.132 ±0.004 
0.157 + 0.004 
0.43 ±0.01 
0.034 + 0.002 
0.0078 ± 0.0009 
0.139 ±0.008 
0.089 ±0.001 
0.052 ± 0.002 
0.178 ±0.008 
0.019 ±0.002 
V D . 
0.044 + 0.002 
V D . 
0.008 ± 0.002 
gl8a-ref 
0.0041 ±0.0002 
0.021+0.001 
0.0567 ±0.0006 
0.024 ± 0.002 
0.086 + 0.005 
0.044 ± 0.004 
0.0025 ± 0.0007 
0.0023 + 0.0002 
0.0023 ± 0.0002 
0.0011 ±0.0009 
0.0043 + 0.0007 
0.0306 ± 0.0004 
0.0084 ± 0.0006 
0.0016 ±0.0004 
0.0137 ±0.0006 
0.177 ±0.007 
0.25 ± 0.03 
0.48 ±0.03 
0.882 ±0.003 
0.3011 ±0.0002 
V D . 
V D . 
V D . 
0.087 ± 0.007 
0.009 ± 0.002 
0.077 + 0.008 
0.108 ±0.002 
0.37 ±0.02 
0.0129 ±0.0002 
0.0046 ± 0.0005 
0.114 ±0.0006 
0.128 ±0.009 
0.182 + 0.003 
0.154 ±0.006 
0.013 ±0.001 
V D . 
0.0393 ± 0.0006 
0.011 ±0.001 
0.103 ±0.003 
g!8amu-5074 
0.0015 ±0.0004 
0.0049 ±0.0001 
0.0061 ±0.0001 
0.0037 ± 0.0006 
0.0186 ±0.0002 
0.0075 ±0.0001 
V.D. 
V.D. 
V D . 
V D . 
0.0012 ±0.0001 
0.0010 ±0.0001 
0.0002 ± 0.0001 
0.0002 ±0.0001 
0.0037 ± 0.0006 
0.024 ± 0.004 
0.027 + 0.002 
0.069 ± 0.003 
0.143 + 0.003 
0.084 ±0.003 
V D . 
0.0032 ± 0.0003 
0.0221 ±0.0003 
0.024 ± 0.004 
0.0035 ± 0.0005 
0.0095 ± 0.0008 
0.0136 ±0.0003 
0.059 ± 0.007 
0.039 ± 0.003 
V.D. 
0.0075 ± 0.0006 
0.0182 ±0.003 
0.032 ± 0.002 
0.034 + 0.007 
0.0035 ± 0.0003 
V D . 
V.D. 
V.D. 
0.0014 ±0.0002 
Average of three (nmole/g dry weight) independent determinations ± standard deviation. 
N.D. = Not Detected; below the detection limit of 1 pmole. 
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compound 
nonadecanone 
heneicosanone 
tricosanone 
pentacosanone 
heptacosanone 
nonacosanone 
9-tricosenone 
4-tricosenone 
9-pentacosenone 
4-pentacosenone 
9-heptacosenone 
4-heptacosenone 
9-nonacosenone 
4-nonacosenone 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
hentriacontane 
6-tricosene 
6-heptacosene 
6-nonacosene 
6-hentriacontene 
4-tricosene 
4-pentacosene 
4-heptacosene 
4-nonacosene 
4-hentriacontene 
9-tricosene 
9-pentacosene 
9-heptacosene 
9-nonacosene 
9-hentriacontene 
9,12-pentacosadiene 
9,12-heptacosadiene 
6,9-heptacosadiene 
6,9-nonacosadiene 
9,12-nonacosadiene 
gl8amu-3142 
0.002 ± 0.001 
0.0158 ±0.0004 
0.0250 ±0.0005 
0.026 ± 0.006 
0.084 ±0.001 
0.018 ±0.001 
''N.D. 
"N.D. 
0.004 ±0.001 
0.007 ± 0.002 
"N.D. 
"N.D. 
0.008 ±0.001 
0.026 ± 0.003 
0.061 ±0.004 
0.3303 ±0.0007 
0.48 ±0.03 
0.063 ±0.001 
"N.D. 
"N.D. 
0.019 ±0.002 
"N.D. 
0.0011 ±0.0002 
0.0193 ±0.0007 
0.025 ± 0.004 
0.0045 ± 0.0006 
''N.D. 
0.004 ±0.001 
0.031 ±0.002 
0.063 ± 0.002 
0.0352 ±0.0003 
"N.D. 
"N.D. 
0.0153 ±0.0002 
0.0005 ±0.0001 
0.0593 ± 0.0009 
gl8amu-91gl59 
0.0075 ± 0.0009 
0.026 ± 0.005 
0.0305 ± 0.0005 
0.025 ± 0.004 
0.0077 ± 0.0009 
0.044 ± 0.002 
0.0012 ±0.008 
0.0023 ± 0.0007 
0.0046 ± 0.0007 
0.0023 ± 0.0008 
0.028 ± 0.007 
0.057 ± 0.005 
0.0072 ± 0.0004 
0.0024 + 0.0007 
0.018 ±0.002 
0.031 ±0.009 
0.1027 ±0.0006 
0.28 ±0.03 
0.114 ±0.0007 
0.26 ±0.05 
0.0075 ± 0.0006 
0.0182 ±0.003 
•"N.D. 
0.058 ± 0.005 
0.0019 ±0.0009 
0.0535 ± 0.0006 
0.159 ±0.006 
0.504 ± 0.003 
0.2097 ± 0.0003 
"N.D. 
0.0134 + 0.0007 
0.0524 ± 0.0003 
0.035 ±0.001 
0.098 ± 0.002 
0.0014 ±0.0006 
0.0006 ± 0.0002 
0.0105 ±0.0006 
0.008 ± 0.002 
0.020 ±0.001 
gWamu-3134 
0.0003 ±0.0001 
0.0017 ±0.0003 
0.0042 ± 0.0006 
0.0023 ±0.0001 
0.006 ±0.001 
0.0013 ±0.0002 
''N.D. 
V D . 
V D . 
V D . 
•"N.D. 
^ . D . 
V D . 
0.0011 ±0.0002 
0.019 ±0.004 
0.0206 ± 0.0003 
0.0426 ± 0.0006 
0.083 ± 0.006 
0.036 ± 0.004 
0.0127 ±0.0006 
0.0074 ±0.0003 
V D . 
0.0109 ±0.0008 
0.014 ±0.002 
0.048 ± 0.003 
0.0114 ±0.0005 
V.D. 
0.0075 ± 0.0003 
0.012 ±0.002 
0.0236 ± 0.0004 
0.0200 ±0.0001 
0.0006 ±0.0002 
"N.D. 
0.0001 ±0.00006 
V D . 
V D . 
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Table 5.8. Cuticular wax composition of pollen" 
wt gl8a-ref gl8a-mu-5074 %l8amu-88-3134 
heneicosane 
tricosane 
pentacosane 
heptacosane 
nonacosane 
triacontane 
heneicosanone 
tricosanone 
pentacosanone 
heptacosanone 
nonacosane 
9-pentacosenone 
4-pentacosenone 
9-heptacosenone 
4-heptacosenone 
9-nonacosenone 
4-nonacosenone 
4-pentacosene 
4-heptacosene 
4-nonacosene 
4-triacontene 
9-pentacosene 
9-heptacosene 
9-nonacosene 
9-triacontene 
6-pentacosene 
6-heptacosene 
6-nonacosene 
6-triacontene 
9,12-heptadiene 
6,9-heptadiene 
9,12-nonadiene 
6,9-nonadiene 
9,12-triacontene 
6,9-triacontene 
0.010 ±0.002 
0.025 ± 0.003 
0.315 ±0.002 
0.432 ± 0.003 
0.190 ±0.002 
0.106 ±0.004 
0.010 ±0.003 
0.011 ±0.002 
0.027 ± 0.002 
0.029 ± 0.002 
0.009 ± 0.003 
0.010 ±0.002 
0.004 ±0.001 
trace 
0.013 ±0.003 
0.004 ± 0.002 
0.005 ± 0.002 
0.011 + 0.002 
0.085 ± 0.003 
0.488 ± 0.002 
0.074 ± 0.002 
0.006 ± 0.003 
0.057 ± 0.002 
0.157 ±0.003 
0.130 ±0.002 
0.012 ±0.003 
0.010 ±0.002 
0.041 ±0.002 
N.D.b 
N.D.b 
0.0034 ± 0.0006 
0.007 ± 0.002 
0.024 ± 0.002 
N.D.b 
N.D.b 
0.004 ± 0.001 
0.016 ±0.001 
0.322 ± 0.002 
0.636 ± 0.047 
0.414 ±0.002 
0.424 ± 0.002 
0.007 ± 0.001 
0.016 ±0.013 
0.033 ± 0.003 
0.055 ± 0.002 
0.016 ±0.002 
0.0017 ±0.0008 
0.004 ± 0.001 
N.D.b 
0.010 ±0.002 
N.D.b 
0.0070 ± 0.0007 
0.009 ±0.001 
0.103 ±0.002 
0.301 ± 0.002 
0.194 ±0.002 
0.009 ± 0.002 
0.053 ± 0.002 
0.0397 ± 0.0008 
0.0169 ±0.0007 
0.008 ± 0.001 
0.021 ±0.002 
0.076 ± 0.002 
0.038 ± 0.001 
N.D." 
0.0024 ± 0.0009 
0.010 ±0.002 
0.010 ±0.003 
0.022 ± 0.002 
0.007 + 0.001 
0.0016 ±0.0008 
0.004 ± 0.001 
0.012 ±0.001 
0.066 ±0.001 
0.039 ± 0.002 
0.021 ±0.002 
0.0021+0.0006 
0.0024 ± 0.0006 
0.004 ± 0.002 
0.006 ±0.001 
0.002 + 0.002 
N.D." 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D." 
0.0032 + 0.0008 
0.030 ±0.001 
0.007 ± 0.003 
N.D.b 
N.D.b 
0.004 ± 0.002 
0.004 ± 0.003 
N.D.b 
N.D.b 
N.D.b 
0.0022 ± 0.0002 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
0.0030 + 0.0008 
0.003 ±0.001 
0.0053 ± 0.0007 
0.0553 ± 0.0007 
0.118 ±0.001 
0.064 ±0.001 
0.0152 ±0.0004 
0.003 ± 0.002 
0.003 ±0.001 
0.0055 ± 0.001 
0.008 ± 0.002 
0.002 ± 0.0002 
N.D.b 
N.D.b 
N.D." 
0.0019 ±0.0001 
N.D.b 
N.D.b 
N.D.b 
0.013 ±0.001 
0.099 ± 0.002 
0.0073 ± 0.0006 
N.D.b 
0.006 ±0.001 
0.0145 ±0.0008 
0.0054 + 0.0006 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
0.0019 ±0.0008 
0.0057 ±0.0014 
N.D.b 
N.D.b 
0.0020 + 0.0004 
Average ((imole/g dry weight) of three independent determinations ± standard deviation. 
"N .D.= Not Detected; below the detection limit of 1 pmole. 
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APPENDIX D. TABLES FOR CHAPTER 6 
Table 6.1. Fatty acid composition of transgenic gl8a (umole/g fresh weight)8 
Oh 5h 
Fatty acid 
dodecanoate (12:0) 
tetradecenoate (14:1) 
tetradecanoate (14:0) 
pentadecenoate (15:1) 
pentadecanoate (15:0) 
9-hexadecenoate (16:1) 
?-hexadecenoate (16:1) 
?-hexadecenoate (16:1) 
hexadecanoate (16:0) 
3-hydroxyhexadecanoate (16:0) 
heptadecanoate (17:0) 
9-octadecenoate (18:1) 
?-octadecenoate (18:1) 
?-octadecanoate (18:0) 
eicosanoate (20:0) 
docosanoate (22:0) 
3-hydroxydocosanoate (20:0) 
tricosanoate (23:0) 
tetracosanoate (24:0) 
pentacosanoate (25:0) 
hexacosanoate (26:0) 
3-hydroxyhexacosanoate (26:0) 
octacosanoate (28:0) 
nonacosanoate (29:0) 
triaconanoate (30:0) 
hentriacontanoate (31:0) 
dotriacontanoate (32:0) 
tritriacontanoate (33:0) 
tetraacontanoate (34:0) 
total fatty acid accumulation 
control' 
0.034 + 0.003 
0.031 ±0.003 
0.12 + 0.01 
0.0107 ±0.0008 
0.0057 ± 0.0005 
1.22 ±0 .10 
0.0098 ±0.0008 
0.0034 ± 0.0003 
0.72 ±0 .06 
N.Da 
0.0096 ±0.0008 
0.48 ± 0.04 
0.030 + 0.003 
0.24 ±0.02 
0.0110 ±0.0009 
0.0067 ± 0.0005 
N.D8 
0.0099 ± 0.0008 
0.0168 ±0.0014 
0.0299 ± 0.0025 
0.0093 ± 0.0007 
N.D" 
N.Da 
N.Da 
N.Da 
N.Da 
N.D8 
N.D8 
N.D8 
3.01 ±0.25 
gl8a" 
0.060 ±0.005 
0.057 ±0.005 
0.109 ±0.009 
0.017 ±0.001 
0.017 ±0.001 
1.21 ±0 .10 
0.038 ±0.003 
0.0071 ±0.0006 
0.40 ±0 .03 
0.023 ± 0.002 
0.0042 ±0.0004 
0.62 ± 0.05 
0.057 ±0.005 
0.12 ±0.01 
0.0101 ±0.0008 
0.0048 ± 0.0004 
0.0014 ±0.0001 
N.D8 
0.0118 ±0.0009 
0.049 ± 0.004 
0.0110 ±0.0009 
0.0086 ± 0.0007 
N.Da 
N.D8 
N.D8 
N.D" 
N.D8 
N.Da 
N.D8 
2.84 ±0 .24 
control' 
0.048 ± 0.004 
0.056 ±0.005 
0.113 ±0.009 
0.022 ± 0.002 
0.018 ±0.002 
2.24 ±0.01 
0.086 ±0.007 
0.044 ± 0.004 
0.52 ± 0.04 
N.D8 
N.Da 
0.63 ±0.05 
0.105 + 0.009 
0.17 + 0.01 
0.27 ±0.02 
0.0117 ±0.0009 
N.D" 
N.D8 
0.039 ±0.003 
0.043 ± 0.004 
0.051 ±0.004 
N.Da 
N.D8 
N.D8 
N.D8 
N.D8 
N.Da 
N.D8 
N.Da 
3.97 ±0 .33 
glSa" 
0.102 ±0.008 
0.138±0.012 
0.193±0.016 
0.052 ± 0.004 
0.034 ±0.003 
2.46 ±0.21 
0.066 ± 0.006 
0.021 ±0.002 
0.7462 ±0.0621 
0.051 ±0.004 
0.013 ±0.001 
1.213 + 0.101 
0.107 ±0.009 
0.25 ±0.02 
0.054 ± 0.004 
0.071 ±0.006 
0.0101 ±0.0008 
0.0034 ± 0.0003 
0.108 ±0.009 
0.116 ±0.009 
0.095 ±0.008 
0.031 ±0.002 
0.031 ±0.003 
0.0037 ± 0.0003 
0.069 ± 0.006 
0.102 ±0.008 
1.05 ±0.09 
0.0029 ±0.0002 
0.0019 ±0.0001 
7.2 ± 0 . 6 
aAverage of four independent detreminations ± standard deviation. 
Undetermined double bond positions are indicated as ? 
c
 control wild-type yeast pYX043 in alpha-D273 
d
 GALl::gl8a 
"N.D. = Not Detected, below the detection limit of 1 pmole. 
Table 6.1 contd. 
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16h 22h 
dodecanoate (12:0) 
tetradecenoate (14:1) 
tetradecanoate (14:0) 
pentadecenoate (15:1) 
pentadecanoate (15:0) 
hexadecenoate (16:1) 
hexadecenoate (16:1) 
hexadecenoate (16:1) 
hexadecanoate (16:0) 
3-hydroxyhexadecanoate (16:0) 
heptadecanoate (17:0) 
octadecenoate (18:1) 
octadecenoate (18:1) 
octadecanoate (18:0) 
eicosanoate (20:0) 
docosanoate (22:0) 
3-hydroxydocosanoate (20:0) 
tricosanoate (23:0) 
tetracosanoate (24:0) 
pentacosanoate (25:0) 
hexacosanoate (26:0) 
3-hydroxyhexacosanoate (26:0) 
ocatcosanoate (28:0) 
nonacosanoate (29:0) 
triaconanoate (30:0) 
hentriacontanoate (31:0) 
dotriacontanoate (32:0) 
tritriacontanoate (33:0) 
tetraacontanoate (34:0) 
total fatty acid accumulation 
control0 
0.047 + 0.004 
0.042 + 0.004 
0.132 + 0.011 
0.020 + 0.002 
0.017 + 0.001 
1.87 + 0.15 
N.Da 
N.Da 
0.95 + 0.08 
N.Da 
0.049 + 0.004 
0.72+0.06 
0.044 + 0.004 
0.66 + 0.06 
0.18 + 0.015 
0.046 + 0.004 
N.D 
N.Da 
0.087 + 0.007 
0.038 + 0.003 
0.099 + 0.008 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
4.99 + 0.42 
gl8ad 
0.16 + 0.01 
0.17+ 0.01 
0.25 + 0.02 
0.042 + 0.003 
0.028 + 0.002 
2.52 + 0.21 
N.Da 
N.Da 
0.88 + 0.07 
0.074 + 0.006 
0.046 + 0.004 
1.33 + 0.11 
0.035 + 0.003 
0.24 + 0.02 
0.0073 + 0.0006 
0.017 + 0.001 
0.0004 + 0.0001 
N.Da 
0.046 + 0.004 
0.13 + 0.01 
0.081+0.007 
N.Da 
0.016 + 0.001 
0.0027 + 0.0002 
0.061+0.005 
0.068 + 0.006 
0.72 + 0.06 
N.Da 
N.Da 
6.92 + 0.57 
control0 
0.061+0.005 
0.070 + 0.006 
0.14 + 0.01 
0.028 + 0.002 
0.023 + 0.002 
1.7 + 0.1 
N.Da 
N.Da 
0.64 + 0.05 
N.Da 
N.Da 
1.62 + 0.13 
N.Da 
0.217 + 0.018 
0.31+0.03 
0.015 + 0.001 
N.Da 
N.Da 
0.048 + 0.004 
N.Da 
0.063 + 0.005 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
N.Da 
5.00 + 0.41 
glSa" 
0.113 + 0.009 
0.154 + 0.013 
0.22 + 0.02 
0.058 + 0.005 
0.038 + 0.003 
2.8 + 0.2 
N.Da 
N.Da 
0.83 + 0.07 
N.Da 
N.Da 
1.52 + 0.12 
N.Da 
0.275 + 0.023 
0.059 + 0.005 
0.079 + 0.007 
N.Da 
N.Da 
0.12 + 0.01 
0.109 + 0.009 
0.12 + 0.01 
N.Da 
0.035 + 0.003 
N.Da 
0.076 + 0.006 
0.113 + 0.009 
1.16 + 0.72 
N.Da 
N.Da 
7.9 + 0.6 
295 
Table 6.2. yeast lipid classes (jxmoles/g fresh weight)' 
Phosphotidyl choline 
Phosphotidyl inositol 
Phosphotidyl ethanolamine 
Phosphotidyl serine 
Phosphotidyl glycerol 
(PA+FFA+CL)e 
Total lipids 
control 
0.67 + 0.07 
0.33 + 0.03 
1.4 + 0.6 
0.48 + 0.03 
N.D.d 
0.32 + 0.09 
3.2 + 0.5 
gl8ac 
0.43 + 0.06 
0.21 + 0.02 
1.9 + 0.4 
0.35 + 0.04 
1.2 + 0.05 
1.1+0.3 
5.2 + 0.9 
Quantitation is based on the GCMS analysis of fatty acids of each lipid 
fraction. Average of two independent extractions + standard deveiation. 
"Control wild type yeast pYX043 in alpha-D273 
°GAL1::gl8a 
dN.D. = Not Detected, detection limit is below 1 pmole. 
c
 Phosphotidic acid, Free fatty acids and Cardiolipin 
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Table 6. 4. Fatty acids associated with ceramides of yeast (umole/g fresh weight)3 
hydroxydodecanoic acid (18h:0) 
hydroxyeicosanoic acid (20h:0) 
hydroxydocosanoic acid (22h:0) 
hydroxytetracosanoic acid (24h:0) 
hydroxyhexacosanoic acid (26h:0) 
hydroxyoctacosanoic acid (28h:0) 
hydroxytriacontanoic acid (30h:0) 
hydroxydotriacontanoic acid (32h:0) 
total fatty acid accumulation 
a
 Average of two independent determinations + standard Deviation. 
"control wild type yeast, pYX043 in alpha-D273 
cGAL1::gl8a 
bN.D. = Not Detected, below the detection limit of 1 pmole. 
control 
0.065 ±0.005 
0.033 ± 0.004 
0.0017 + 0.0005 
0.013 + 0.001 
0.033 ± 0.003 
N.D.d 
N.D.d 
N.D.d 
0.145 + 0.007 
gl8ac 
0.054 ± 0.004 
0.032 + 0.005 
0.0044 ± 0.0006 
0.06 + 0.01 
0.091 ±0.015 
0.0055 ± 0.0003 
0.021 ± 0.001 
0.033 ± 0.007 
0.31+0.08 
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Table 6.5. Fatty acid composition of trasgenic strain zmKCSl (umole/g fresh weight 
hexadecenoate (16:1) 
hexadecanoate (16:0) 
octadecenoate (18:1) 
octadecanoate (18:0) 
eicosenoate(20:l) 
eicosanoate (20:0) 
docasenoate (22:1) 
docosonoate (22:0) 
tetracosanoate (24:1) 
hexacosenoate (26:1) 
hexacosanoate (26:0) 
total fatty acid accumulation 
control 
0.66 
0.17 
0.26 
0.06 
N.D.d 
0.052 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
1.19 
S.D. 
0.13 
0.09 
0.04 
0.04 
e 
n.a. 
0.002 
e 
n.a. 
e 
n.a. 
n.a.e 
e 
n.a. 
n.a.e 
0.54 
zmKCSl c 
1.13 
0.47 
0.79 
0.14 
0.03 
0.12 
0.021 
0.027 
0.018 
0.096 
0.23 
3.07 
S.D. 
0.05 
0.04 
0.06 
0.04 
0.04 
0.02 
0.008 
0.007 
0.001 
0.009 
0.03 
1.01 
Average of three independent determinations and (S.D.) Standard Deviation. 
"Control wild type yeast pYES2 in alpha-D273 
°GAL1::zmKCS1 
dN.D. = Not Detected, below the detection limit of 1 pmole. 
en.a. = not applicable. 
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Table 6.6. Fatty acid composition of trasgenic strain zmKCS13 (umole/g fresh weight)3 
dodecanoate (12:0) 
tetradecanoate (14:0) 
hexadecenoate (16:1) 
hexadecanoate (16:0) 
octadecenoate (18:1) 
octadecanoate (18:0) 
eicosanoate (20:0) 
docosonoate (22:0) 
tetracosanoate (24:0) 
hexacosanoate (26:0) 
control 
N.D.d 
N.D.d 
5.657 
1.659 
2.609 
0.558 
0.052 
N.D.d 
N.D.d 
N.D.d 
S.D. 
e 
n.a. 
e 
n.a. 
1.341 
0.896 
0.444 
0.439 
0.002 
e 
n.a. 
e 
n.a. 
e 
n.a. 
zmKCS13c 
0.075 
0.126 
1.299 
0.457 
0.733 
0.151 
0.015 
0.045 
0.113 
0.067 
S.D. 
0.006 
0.009 
0.560 
0.090 
0.070 
0.009 
0.005 
0.006 
0.051 
0.005 
total fatty acid accumulation 10.5 1.3 3.081 0.620 
aAverage of three independent determinations and (S.D.) Standard Deviation. 
b
 Control wild type yeast pYES2 in alpha-D273 
cGAL1::zmKCS13 
dN.D. = Not Detected. 
Bn.a. = not applicable. 
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Table 6.7. Fatty acid composition of coexpressed zmKCSl + gl8a (umole/g fresh weight)2 
dodecanoate (12:0) 
tetradecanoate (14:0) 
hexadecenoate (16:1) 
hexadecanoate (16:0) 
octadecenoate (18:1) 
octadecanoate (18:0) 
eicosanoate (20:0) 
docosonoate (22:0) 
tetracosanoate (24:0) 
hexacosanoate (26:0) 
dotriacontanoate (32:0) 
total fatty acid accumulation 
controlb 
0.0056 
0.0050 
0.011 
0.078 
0.27 
0.050 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
0.420 
S.D. 
0.0001 
0.0004 
0.007 
0.005 
0.04 
0.003 
n.a.e 
n.a.e 
e 
n.a. 
n.a.e 
n.a.e 
0.06 
gl8a+zmKCS1c 
N.D.d 
0.448 
0.425 
0.415 
0.868 
0.168 
0.017 
0.034 
0.020 
0.022 
0.035 
2.451 
S.D. 
n.a.e 
0.14 
0.12 
0.19 
0.21 
0.09 
0.007 
0.005 
0.008 
0.001 
0.004 
0.07 
aAverage of three independent determinations and (S.D.) Standard Deviation. 
"Control wild type yeast pYES2+pYX043 in alpha-D273 
cGAL1::gl8a:zmKCS1 
dN.D. = Not Detected. 
6n.a. = not applicable. 
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Table 6. 8. Fatty acid composition of coexpressed zmKCS13 + gl8a (umole/g fresh weight) 
dodecanoate (12:0) 
tetradecanoate (14:0) 
hexadecenoate (16:1) 
hexadecanoate (16:0) 
octadecenoate (18:1) 
octadecanoate (18:0) 
eicosanoate (20:0) 
docosonoate (22:0) 
tetracosanoate (24:0) 
hexacosanoate (26:0) 
dotriacontanoate (32:0) 
control" 
0.0056 
0.0050 
0.011 
0.078 
0.27 
0.050 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
N.D.d 
S.D. 
0.0001 
0.0004 
0.007 
0.005 
0.04 
0.003 
n.a.e 
n.a.e 
n.a.e 
n.a.e 
e 
n.a. 
gl8a + zmKCS13c 
N.D.d 
0.648 
0.225 
0.754 
0.682 
0.100 
0.011 
0.040 
0.010 
0.016 
0.013 
S.D. 
n.a.e 
0.048 
0.097 
0.063 
0.078 
0.051 
0.001 
0.022 
0.006 
0.001 
0.001 
total accumulation 0.420 0.06 2.499 0.083 
aAverage of three independent determinations and (S.D.) Standard Deviation. 
"Control wild type yeast pYES2+pYX043 in alpha-D273 
cGAL1::gl8a:zmKCS13 
dN.D. = Not Detected. 
en.a. = not applicable. 
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APPENDIX E. TABLES FOR CHAPTER 7 
Table 7.1. Constituents of maize seedling articular waxes3 
chemical class constituentb wt 
8 
• 8 
; ? 
J 
« 
•C 
15 
in 
e 
« 
c o 
3 
th
yi
 
I 
S 
£ 
1 
ho
ls
 
8 
s 
e
rfi
i 
es
t 
1 
1 ' 
C18 N.O." 
C20 8 4 
022 63.0 
C24 N.D.* 
C2S N.t>." 
C28 N.D." 
C30 ' N.O.* 
C32 2397.? 
C34 H.D.'' 
C16 N.D.' 
C18 9.1 
C20 10.5 
C22 7.4 
C24 5.1 
C26 N.D." 
C28 N.D." 
C30 N.D." 
C32 2537.0 
C34 N D." 
C15 68.8 
C17 N.O." 
C19 5.2 
C21 N.D." 
C23 14.9 
C25 N.D." 
C27 N.D." 
C29 89.5 
C31 133.2 
C33 6.1 
C15 N.D." 
C17 4.5 
C19 N.D." 
C21 0.0 
C23 8.9 
C25 N.D." 
C27 N.D." 
C29 N.D." 
C31 39.7 
C33 N.D." 
C12 N.D." 
C14 0.1 
CIS 0.3 
CIS N.D." 
C20 3.6 
C22 7.9 
C24 N.D." 
C32 N.D." 
C34 N.D." 
C14 N.D." 
C16 N.D." 
C18 0.010 
C20 0.068 
C22 0.040 
C24 0.228 
C26 0.077 
C28 N.D." 
C30 0.866 
C32 1.130 
'"CIS" 0.089 
CIS 0.046 
020 1.300 
022 0.930 
C24 0.021 
C26 0.005 
C28 N.O." 
S.D. 
n.a.° 
0.9 
11.2 
n.a." 
n.a." 
n.a." 
n,a." 
199.5 
n,a.' 
n.a.c 
0.4 
0.9 
0.3 
0.2 
n.a." 
n.a.c 
n.a.c 
400.3 
n.a.c 
4.5 
n.a." 
0.1 
n.a.c 
1.0 
n.a." 
n.a." 
5.3 
66.0 
0.1 
n.a.c 
0.8 
n.a." 
0.0 
3.7 
n.a." 
n.a." 
n.a.c 
7.7 
n.a.c 
n.a." 
5.1 
0.1 
na . ' 
0.7 
0.1 
n.a." 
n.a." 
n.a." 
n.a.c 
n.a.c 
0.001 
0.019 
0.014 
0.012 
0.002 
n.a." 
0.000 
0.022 
' 0,053 
0.031 
0.402 
0.117' 
0.039 
0.009 
«;a." 
aConstituents of articular waxes detected from GCMS are given 
bCuticular wax constituents are labelled according to the chain IE 
an 
2.16 
19.80 
0.14 
N.D." 
N.0.» 
N.D.* 
N.D.* 
i.93 
0.62 
10.74 
2.16 
3.66 
8.21 
0.36 
N.D." 
1.02 
0.11 
N.D." 
N.D." 
1.00 
N.O." 
4.82 
0.89 
0.79 
N.D." 
0.02 
1.61 
1.17 
0.16 
N.D." 
15.92 
0.46 
N.D." 
0.31 
0.14 
0.14 
0.43 
N.D." 
N D " 
18.32 
4.84 
3.06 
1.32 
0.87 
3.07 
N.D." 
N.D." 
N,0." 
N.D" 
N.D." 
0.01 
0.04 
0.01 
0.08 
N.D." 
0.01 
N.D." 
0.03 
0.02 " 
0.03 
0.07 
0.05 
N.D» 
N.D." ' 
N A " 
in nmole/g dry 
S.D. 
0.76 
3.88 
0.0? . 
n.a,c 
n.a.' 
n.a.* 
n.a.e 
0.54 
0.19 
2.61 
0.15 
020 
0.36 
0.07 
n.a.c 
0.07 
0.05 
n.a." 
n.a." 
"6.13 
n.a." 
0.27 
0.09 
o.oa 
n.a." 
0.02 
0.09 
0.06 
0.10 
n.a.c 
0.83 
0.09 
n.a." 
0.07 
0.06 
0.06 
0.06 
n.a.c 
n a.c 
1.20 
0.32 
0.20 
0.11 
0.08 
0.15 
n.a." 
n.a." 
n.a.E 
na.c 
n.a." 
0.02 
0.01 
0.01 
002 
n.a." 
0.02 
n.a." 
0.01 
' " O.03 ~ 
0.02 
0.01 
0.04 
n.a.e 
n.a.' 
n.a.e 
weight. S.D. 
gi2 
3.4 
33.7 
0.6 
' N.D.* 
N.D." 
N.D.* -
0.9 ' 
2-4 
HXlK -"; 
13.1 
3.7 
8.8 
25.6 
4.1 
N.D." 
0.0 
25.1 
2.2 
N.D." 
1.3 
N.D." 
6.4 
2.2 
2.3 
N.D." 
18.8 
8.8 
5.3 
N.D." 
N.D." 
3.3 
0.5 
N.D." 
0.9 
0.7 
1.9 
0.9 
0.3 
N D " 
6.4 
85 
1.8 
7.4 
1.4 
1.7 
N.D." 
N.D." 
N.D." 
N D " 
N.D." 
0.08 
0.45 
0.82 
2.29 
1.07 
0.48 
0.08 
0.00 
0.79 
• .0.95 
1,88 
'1.33' 
0.11 
0.011 
0.2 
S.D. 
0.4 
1,5 
0,3 
n.a.° 
n.a* 
n.a.° 
0.2 
0.2 
. n.a.e 
0.8 
0.4 
0.5 
1.1 
0.3 
n.a.c 
0.0 
0.8 
0.2 
n.a." 
0.4 
n.a." 
0.5 
0.3 
0.3 
n.a." 
0.7 
0.4 
0.2 
n.a." 
n.a." 
0.4 
0.3 
n.a." 
0.3 
0.2 
0.2 
0.2 
0.2 
n.a." 
0.6 
0.8 
0.4 
0.6 
0.3 
0.3 
n.a." 
n.a." 
n.a.c 
n.a" 
n.a." 
0.01 
0.02 
0.02 
0.02 
0.01 
0.02 
0.02 
0.00 
0.08 
0.08 
0.OS' 
0.09 
0.02 
0.008 
• 0,5 
=standard deviation of three 
sngth. Different chemical classes were sep 
S/3 
1.94 
19.36 
0,16 
N-D."' 
' M O * 
N.D.* 
0,08 
40.0 
N.D." 
6.96 
1.13 
2.71 
6.05 
0.43 
N.D." 
1.01 
1.35 
29.73 
0 26 
0.86 
N.D." 
2.16 
0.79 
0.94 
N.D." 
N.D." 
1.66 
N.D." 
0.04 
N.D." 
6.58 
0.23 
N.D." 
0.31 
0.14 
0.19 
0.45 
0.13 
N.D." 
152 
4.19 
2.26 
0.87 
0.64 
1.48 
N.D." 
N.D." 
N.D." 
N D ' 
N.D." 
0.06 
0.23 
0.38 
0.32 
0.02 
0.00 
0.002 
0.010 
0.05 
0.31 
0.59 
. 0.10 
0.02 
N.D.6' 
( t o . * 
t independen 
erated with white and gray 
S.D. 
0.14 
0.86 
0.07 
n.a,c 
na." 
n.a." 
0,06 
1.1 
n,a," 
0.51 
0.11 
0.16 
0.27 
0.07 
n.a." 
0.07 
0.07 
0.85 
0 12 
0.12 
n.a." 
0.15 
0.09 
0.08 
n.a." 
n.a." 
0.09 
n.a.c 
0.02 
n.a." 
0.37 
0.08 
n.a." 
0.07 
0.06 
0.06 
0.06 
0.05 
n.a." 
1.0 
0.28 
0.16 
0.09 
0.08 
0.10 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
0.02 
0.02 
0.02 
0.02 
0.02 
0.00 
0.006 
0.009 
0.02 
0.06 
0.07 
0.01 
0.01 
n.a." 
. n,a.e 
t experimets. 
shading. 
gl4 
0.03 
0.43 
0.03 ; 
N.D.* 
N.O.* 
N.D." 
0,11 
7.98 
1.84 
0.02 
4.96 
0.36 
0.90 
0.16 
N.D." 
0.31 
0.20 
9.00 
0 16 
0.08 
N.D." 
0.48 
0.52 
0.47 
0.03 
5.88 
2.27 
6.03 
22.57 
N.D." 
4.49 
2.32 
N.D." 
0.06 
0.07 
0.81 
8.65 
0.53 
N.D." 
0.03 
0.51 
N.D." 
2.12 
0.02 
0.10 
N.D." 
N.D." 
N.D." 
N.D." 
0.03 
0.59 
0.93 
0.93 
2.34 
0.98 
0.24 
055 
0.33 
' 1.58 
1.31 
3.00 
1.50 
0.17 
0.05 
0,02 
S.D. 
0.03 
0.18 
0,03 
na." 
n.a."' 
n.a.\ 
o;o2 
0,66 ' 
1,17 
0.03 
0.89 
0.04 
0.12 
011 
n.a." 
0.16 
0.05 
0.58 
011 
6.04 
n.a." 
0.20 
0.17 
0.04 
0.02 
0.65 
0.58 
0.57 
6.49 
na." 
0.93 
0.82 
n.a." 
0.03 
0.03 
0.60 
0.63 
0.11 
n.a." 
0.04 
0.27 
n.a." 
0.81 
0.03 
0.05 
n.a." 
n.a." 
n.a." 
n.a." 
0.07 
0.01 
0.02 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0"66 
0.08 
0,08 
0,09 
0.05 
0.02 
0,07 
gl4mu 
0.10 
0.72 
0.00 ' 
N.D." 
' N.D." 
N.D,6 
N.O." 
N.D.*' 
. . 0.06 
0.07 
0.19 
N.D." 
0.06 
0.56 
N.D." 
N.D." 
23.31 
N.D." 
ND." 
0.?4~ " 
N.D." 
1.06 
0.97 
0.91 
N.D." 
N.D.* 
19.59 
N.D." 
N.D." 
N.D." 
3.07 
0.23 
N.D." 
0.05 
0.07 
N.D." 
0.18 
N.D." 
N.D." 
0.10 
0.13 
3.34 
0.39 
0.08 
0.49 
N.D.B 
N.D." 
ND." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N .D . * ' ' 
N.D.* 
N-D." 
N,D.» 
N.D.» 
N.D." 
N.O.* 
S.D. 
•• . 0.07 
' '0.23 
0.00 
•: ,o.a:s 
na." 
rta." 
0 * * 
n.a.* 
0.01 
0.04 
0.06 
n.a." 
0.03 
0.19 
n.a." 
n.a." 
0.73 
n.a." 
na." 
0.07 
n.a." 
0.25 
0.23 
0.21 
n.a." 
n.a." 
0.66 
n.a." 
n.a." 
n.a." 
0.31 
0.13 
n.a." 
0.03 
0.05 
n.a." 
0.05 
n.a." 
n.a." 
0.05 
0.09 
0.32 
0.23 
0.03 
0.20 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
ft.a* 
r ta. ' : 
aa."". 
0.8.*' 
ft.a.c 
n.a." 
na." 
c
 N.D. = Not Detected, peak was below the detection limit of 1 pmole. 
dn.a = not applicable. 
Table 7.1 contd. 
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chemical class constituent 8)5,20 g)6 _gl7 g!8a glSb giaMu-3134 
C18 
C20 
C22 
C24 
C2S 
C28 
C30 
C32 
C34 
C16 
C18 
C20 
C22 
C24 
C26 
C2B 
C30 
C32 
C34 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C12 
C14 
C18 
C18 
C20 
C22 
C24 
C32 
C34 
C14 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C18 
C18 
C20 
C22 
C24 
cze 
C28 
2.28 
26.24 
0.43 
N.D." 
N.D," 
H.O.b 
N.D." 
3.28 
. * ? • * 
10.68 
0.31 
10.15 
25.50 
1.34 
N.D." 
7.43 
75.46 
13.95 
ND." 
i!oi 
N.D." 
10.87 
1.43 
1.80 
0.36 
N.D." 
37.14 
11.43 
1.87 
N.D." 
1.86 
0.39 
N.D' 
0.63 
0.55 
1.50 
2.05 
3.11 
N.D." 
9.91 
0.82 
0.60 
6.26 
1.21 
3.03 
N.D." 
N.D." 
N.D." 
N.D." 
0.05 
0.58 
1.43 
0.94 
2.93 
0.51 
007 
3.15 
1.21 
2.79 
2.03 
3.84 
2.18 
0.19 
0.05 
0,03 
0.26 
1.18 
0.21 
M * 
n.a." 
' n.a.« 
n.a." 
• 0,19 
. n.a." 
0.66 
0.07 
0.52 
1.06 
0.21 
n.a.c 
0.31 
2.26 
0.43 
n.a.e 
0 . 3 2 " 
n.a.' 
0.80 
0.25 
0.23 
0.20 
n.a." 
1.21 
0.29 
0.61 
n.a.c 
0.29 
0.24 
n.a." 
0.21 
0.19 
0.19 
0.18 
0.19 
na.c 
0.74 
0.57 
0.42 
0.39 
0.23 
0.24 
n.a.' 
n.a.c 
n.a.c 
n.a." 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.O8 
0.08 
0.08 
. 0 . 0 8 
o.« 
0.O4 
0,10 
N.D." 
0.36 
N.D." 
N.D." 
N.D.* 
N.D.* 
N.D." 
0.33 
2.ST 
N.D." 
0.08 
N.D." 
0.28 
N.D." 
ND." 
3.28 
32.01 
23.33 
ND." 
' N.D."" 
N.D." 
0.09 
2.17 
1.31 
N.D." 
1.20 
13.77 
5.10 
N.D." 
N.D." 
23.49 
0.12 
N.D." 
0.09 
0.09 
0.39 
2.36 
1.43 
N.D." 
N.D." 
0.19 
1.91 
1.26 
0.08 
0.25 
N.D." 
N.D." 
N.D." 
N.D." 
0.01 
0.04 
0.30 
0.30 
1.77 
0.89 
0.21 
0.12 
0.41 
0.74 
0.76 
.2.53 
0.SO 
0.05 
o.te . 
0.00 ' 
n.a,s • 
0.25 
a a . " ' 
n.a* 
«.a," 
M.*' 
n.a." 
o,ie 
°:?0 _ 
n.a.c 
0.03 
n.a." 
0.04 
n.a.c 
n.a." 
0.22 
0.98 
0.69 
n.a.c 
n.a." 
n.a." 
0.03 
0.27 
0.24 
n.a." 
0.21 
0.49 
0.21 
n.a.c 
n.a.c 
1.24 
0.06 
n.a." 
0.05 
0.03 
0.19 
0.20 
0.18 
na.c 
n.a." 
0.08 
0.31 
0.27 
0.04 
0.05 
n.a.c 
n.a.' 
n.a." 
n.a.e 
0.02 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.09 
O.06 
' 0.08 
0.11 
0.02 
0.08 
• 0.00 
N.D." 
0.44 
• N.D." 
'N,'D." . 
NJ>,* 
• N.D.» 
0.13 
89.01 
8.66 .-
0.62 
N.D." 
N.D." 
0.08 
0.22 
N.D." 
1.96 
13.64 
214.00 
N.D." 
0.08 
N.D.* 
0.31 
0.76 
0.82 
N.D." 
N.D." 
6.90 
13.29 
N.D." 
N.D" 
17.06 
0.15 
N.D." 
0.06 
0.08 
0.19 
0.42 
7.62 
0.00 
0.70 
0.27 
1.10 
0.43 
0.00 
0.13 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." :. 
N.D." 
N.O." 
N.D.* 
N.D." 
N.D." 
N.D,° 
i t * . ' 
0.07 
0.3." 
ft*." ' 
n.8." 
n.a." 
0,09 
1.96 . 
2.61 
0.39 
n.a." 
n.a.c 
0.03 
0.06 
n.a.c 
0.40 
0.56 
5.99 
n.a." 
0J)5 
n.a." 
0.09 
0.52 
0.48 
n.a." 
n.a." 
0.45 
0.46 
n.a." 
n.a." 
1.07 
0.06 
n.a." 
0.03 
0.04 
0.06 
0.13 
0.43 
0.00 
0.21 
0.14 
0.60 
0.23 
0.00 
0.05 
n.a." 
n.a" 
n.a." 
n.a.* 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n,a," 
n,a." 
n.a." 
n.a.* 
n.a" 
n.a." 
n.a." • 
N.O.* 
1.01 
.0.24 
N.D." 
N.D." 
MO." 
N.O." 
207.91 
0.46 ' 
0.33 
0.24 
N.D." 
1.87 
5.18 
N.D." 
10.86 
10.88 
4.77 
1.50 
N.D." 
N.D." 
1.43 
2.36 
4.82 
N.O." 
N.D." 
22.45 
30.26 
0.24 
N.D." 
0.29 
0.67 
N.D." 
0.24 
0.36 
0.00 
1.06 
0.78 
0.32 
0.32 
0.49 
5.47 
1.23 
0.24 
1.17 
N.D." 
N.O." 
N.D." 
N.D." 
N.D." 
0.07 
0.82 
0.95 
3.37 
0.29 
N.D." 
N.D." 
N.D." 
" 5.39 " 
0.87 
3.83 
0.67 
N.D.' 
O.04 
N.D." 
n.a." 
0.87 
O.07 
n.a." 
na," 
ft.3." 
n,a." 
T.47 
0;?? 
0.23 
0.17 
n.a." 
0.54 
0.53 
n.a." 
0.56 
0.53 
0.41 
1.00 
n.a." 
n.a.c 
0.63 
0.59 
0.57 
n.a." 
n.a." 
0.95 
0.73 
0.15 
n.a." 
0.09 
0.06 
n.a." 
0.06 
0.15 
0.00 
0.42 
0.39 
0.13 
0.14 
0.28 
0.72 
0.80 
0.07 
0.51 
n.a." 
n.a." 
n.a." 
n.a.c 
n.a." 
0.02 
0.02 
0.02 
0.02 
0.02 
n.a." 
n.a." 
n.a." 
O.08 
' O.08 • 
0.08 
0.08 
aa." 
O.01 
n.a," 
N.D.* 
69.3 
7.1 
N.D." 
N.O." 
N.D* 
48,2 
798.8 
M 
"N.D." 
N.D." 
8.2 
6.8 
6.8 
40.5 
17.7 
55.6 
1603 
7.5 
N.D." 
N.D." 
N.D." 
N.D." 
3.4 
N.D." 
N.D." 
S5.4 
84.2 
3.8 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
1.5 
32.6 
5 
N.D." 
N.D." 
N B . ' 
N.D." 
ND." 
N.D." 
N.D." 
1.30 
0.90 
1.70 
3.10 
0.30 
N.D." 
N.D." 
1.10 
. . 4.00 
1.80 
0.50 
N.D.' 
' N.D." 
N.D." 
n.a." 
11 
0.74 
n.a,° -
n.a" • 
0.3." 
0,22 
3.4 
0.26 
n.a." 
n.a." 
0.19 
0.43 
0.71 
3.3 
1.1 
4 
301.9 
0 72 
n.a." 
n.a." 
n.a." 
n.a." 
0.38 
n.a." 
n.a." 
9.8 
8.6 
0.54 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
0.45 
8.2 
0.11 
n.a." 
n.a." 
n.a." 
n.a." 
n.a" 
n.a." 
n.a." 
0.01 
0.02 
0.02 
0.02 
0.19 
n.a.c 
n.a." 
; " ' 0.08 
' 0.09 
0,07 ' 
0.09 
n.a," 
n,a." 
aa.< 
5.9 
54.4 -
1.2 
N.D." . 
N.D." 
. N.D.* 
N.D." 
88.8 
.... **_ . 
13.1 
4.8 
24.4 
47.1 
38 
N.D." 
4.2 
0 
83.1 
0.56 
1.3 
N.D." 
6.4 
1.8 
1 
1 
N.D." 
16 
12.4 
N.D." 
N.D." 
2.7 
0.9 
N.D" 
1.5 
1.19 
0.77 
2.6 
1.16 
ND." 
17.5 
14.1 
1 
13.7 
2.3 
4.3 
N.D." 
N.D." 
N.D." 
N.D." 
0.005 
0.15 
0.97 
1.32 
5.37 
0.90 
0.04 
0.12 
0.13 
0.68 ' 
1.29 
2.80 
3.59 
0.59 
0.0215 
N.O." 
0.8T 
0.0* 
0.63 
n.a.°-
n.a."~ 
n.a.°' 
n.a", 
4.4 
..J~*' 
3.4 
0.73 
9.2 
2.2 
0.89 
n.a." 
0.11 
0 
22 
0.733 
~ 0 22 
n.a." 
0.82 
0.93 
0.11 
0.11 
n.a." 
2.5 
4.6 
n.a." 
n.a." 
0.51 
0.33 
n.a." 
0.11 
9.8 
0.25 
0.31 
0.77 
n.a." 
6.4 
8.3 
0.8 
5.1 
0.53 
0.3 
n.a." 
n.a." 
n.a." 
n.a.c 
0.001 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.08 
' 0.09 
0.08 
• 0.09 
0.08 
0.001 
a.a."' 
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Table 7.1 contd. 
chemical class constituentb gl8Mu-5074 S.D. g!11 S.D. gI13 S.D. g!14 S.D. g!15 S P. g!17 S~D~ 
C18 
C20 ' 
C22 
024 
C26 
C28 
cao 
C32 
C34 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C34 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C12 
C14 
C16 
C18 
C20 
C22 
C24 
C32 
C34 
C14 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C18 
C18 
C20 
C22 
C24 
C28 
C28 
2.68 
23.57 
0.2* 
N.D." 
N.D." 
N.D." 
0.13 
88.92 
11,59 
13.22 
1.35 
4.13 
9.59 
0.79 
N.D." 
1.13 
4.31 
87.31 
0.69 
1.09 
N.D* 
3.56 
0.45 
0.41 
0.31 
N.D." 
3.52 
0.17 
0.10 
N.D." 
2.77 
0.44 
N.D." 
0.34 
0.17 
0.28 
0.58 
0.54 
N.D." 
20.55 
5.30 
3.07 
1.07 
0.77 
2.23 
N.D." 
0.11 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
t*D.b 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
0.73 
1.24 
0.10 ' 
aa." 
aa." 
0.8.' 
0.09 
1.99 
3.47 
1.09 
0.72 
0.69 
0.73 
0.56 
n.a.c 
0.49 
0.48 
2.50 
0.63 
0.33 
n.a." 
0.75 
0.18 
0.17 
0.21 
aa." 
0.51 
0.10 
0.07 
n.a.c 
0.77 
0.21 
n.a.c 
0.20 
0.10 
0.19 
0.11 
0.14 
n a.c 
1.84 
0.90 
0.77 
0.68 
0.38 
0.59 
n.a." 
0.04 
aa." 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.' 
n.a.c 
aa." 
aa. ' 
aa." 
aa." 
aa." 
aa." 
aa," 
N.D.' 
0.47 
N.D," 
NO.1 
- UD." 
MB." 
N.O.* 
0,31 
0,72 
N.D." 
N.D" 
N.D" 
0.35 
6.48 
N.D." 
6.80 
1.76 
1.14 
N.D." 
N.D." 
N.D." 
N.D." 
5.41 
19.87 
N.D." 
N.D." 
7.84 
1.58 
N.D." 
N.D." 
N.D." 
0.78 
N.D." 
1.08 
0.51 
2.67 
0.33 
N.D." 
N.D." 
0.10 
2.73 
12.04 
3.31 
0.91 
3.91 
N.D." 
N.D." 
N.D.* 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." " " 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." ' 
N.O." 
aa." 
0.18. 
aa." 
aa," 
aa." 
aa." 
i t * . ' 
0.12 
0.31 
n.a." 
n.a.c 
n.a.c 
0.17 
0.30 
n.a.' 
0.27 
0.14 
0.13 
n.a.' 
a a." 
aa." 
aa." 
0.32 
0.83 
n.a." 
n.a.' 
0.30 
0.14 
aa." 
n.a.c 
n.a.c 
0.20 
na." 
0.17 
0.15 
0.17 
0.13 
n.a.c 
n a.c 
0.13 
0.29 
0.88 
0.26 
0.18 
0.23 
n.a." 
n.a." 
n.a," 
n.a' 
n.a.c 
n.a.c 
n.a.c 
n.a." 
n.a.c 
n.a.e 
n.a.c 
n.a.c 
n.a." 
n.3.' 
aa." 
aa," 
aa." 
na* 
n.a." 
aa." 
N.D." 
0.07 
N.D.* 
MDf 
N.D.* • 
N.O.* . ' 
0,12 
48.98 
15.45 
N.D." 
0.12 
0.21 
0.04 
2.89 
N.D." 
3.68 
10.10 
101.02 
0.91 
N.D." 
N.D.* 
78.30 
1.31 
2.95 
N.D." 
4.02 
7.80 
0.42 
N.D." 
N.D." 
N.D." 
0.70 
N.D." 
0.25 
0.14 
0.17 
0.45 
3.31 
N.D." 
0.26 
0.34 
3.16 
8.01 
0.12 
0.56 
N.O." 
N.D." 
N.D." 
N.D." 
N.D." 
N .D* 
0.39 
0.43 
0.95 
0.07 
N.D." 
N.D." 
N.D." 
0,23 
0.34 ' 
1,15 
0 . 1 1 . 
0.019 
N.D.* 
N.D." 
aa." 
• 0,03 
aa." 
aa." 
aa," 
: n.a." 
' 0.04. 
1.79 
.5.00 
n.a." 
0.08 
0.12 
0.03 
1.49 
n.a." 
1.30 
1.26 
3.06 
0.70 
na." 
n.a." 
4.13 
0.70 
1.01 
n.a." 
1.39 
1.32 
1.26 
n;a.° 
n.a." 
n.a." 
0.34 
n.a." 
0.05 
0.09 
0.08 
0.25 
1.19 
n.a." 
0.12 
0.09 
2.00 
1.85 
0.07 
0.30 
n.a." 
n.a." 
n.a." 
n.a." 
n.a.c 
n.a." 
0.02 
0.01 
0.02 
002 
n.a." 
n.a." 
n.a." 
0,09 
0,08 
ojo 
o;08 
0.005 
a a ' 
n.a," 
N.O.* 
0.34 
O.0B 
N.D.* 
N.D> 
3.82 
0.12 . 
• .-192.26 
8.35 
N.D." 
0.41 
0.15 
0.09 
2.32 
N.D." 
0.28 
17.59 
165.04 
2.77 
N.D." 
N.D." 
0.09 
0.71 
2.00 
N.D." 
N.D.* 
8.40 
17.77 
0.35 
N.D." 
0.20 
0.23 
0.36 
0.08 
0.08 
0.27 
4.07 
1.86 
N.D." 
N.D." 
0.09 
0.85 
0.54 
N.D." 
0.27 
N.D." 
N.D." 
N.D.* 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
i*b.6" 
N.D.* 
N.O.* 
N.D.* 
N.D." 
NO." 
MO." 
aa." 
0,04 
0.08 
aa." 
aa." 
0.70 
0,07 
5.39 
2,73 
n.a." 
0.58 
0.10 
0.03 
0.80 
n.a." 
0.39 
0.85 
4.66 
1.69 
n.a." 
n.a." 
0.05 
0.29 
0.87 
n.a." 
n.a.e 
0.75 
0.76 
0.17 
n.a." 
0.05 
0.11 
0.51 
0.03 
0.02 
0.19 
0.69 
0.64 
n.a." 
n.a." 
0.04 
0.11 
0.13 
n.a." 
0.17 
aa." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a.c 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
aa." 
aa." 
. n.a." : 
na." 
aa." 
as." 
aa," 
N.D.' 
1,31 
N.O.» 
N.O.* 
N.D.* 
N.O.* 
N.D,* 
N.D.* • 
N.D.* 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
3.29 
N.D." 
36.41 
N.D." 
N.D." 
N.D." 
1.97 
1.00 
1.79 
N.D." 
N.D." 
5.41 
8.99 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.O.' 
N.D." 
0.54 
N.D." 
0.62 
N.D." 
N.D." 
0.47 
N.D.' 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.O." 
N.D.*. 
N.O.* 
N.O.* ' 
' N.O." 
HO." 
MO." 
aa." . 
0,25 .' 
n.a." 
aa." 
aa." 
aa." 
n.a," 
aa." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a.c 
0.79 
n.a.c 
1.24 
n.a." 
n.a." 
n.a." 
1.15 
0.61 
0.97 
aa." 
n.a." 
0.80 
0.77 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
0.08 
n.a." 
0.40 
n.a.G 
n.a." 
0.09 
aa." 
n.a.6 
aa." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
aa." 
n.a." 
n.a." 
n.a." 
n.a." 
aa." 
a a " . 
• n.a." 
aa." 
aa.* 
aa." 
N.O.* 
0.45 
1.05-
N.O." 
NX).* 
• N.O.* 
0.25 
46.42 . 
28,48 -
0.00 
21.08 
N.D." 
0.05 
10.71 
N.D." 
10.62 
13.33 
82.92 
0.73 
0.06 
NO." 
88.04 
1.71 
10.54 
0.07 
5.45 
31.04 
14.80 
0.47 
N.D." 
N.D." 
0.26 
N.D." 
0.50 
0.20 
0.73 
0.85 
3.42 
N.D." 
0.35 
0.16 
2.33 
1.59 
0.04 
N.D." 
1.07 
0.04 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
0.20 
0.37 
0.22 
N.D." 
N.D." 
N.D." 
o.«;.' 
,.;o.o5 
0.53 
0.08 
N.D.* 
N.D.* 
R O * 
a a ' 
0 . 3 * 
0.70 
aa.". 
rut" 
aa." 
0.16 
1.56 
8,60 
0.00 
1.77 
n.a.' 
0.04 
1.19 
n.a." 
1.03 
1.00 
2.48 
0.49 
O.05 
n.a." 
3.48 
1.31 
1.26 
0.03 
1.08 
1.40 
0.98 
0.37 
n.a." 
n.a." 
0.11 
n.a.' 
0.11 
0.07 
0.40 
0.31 
0.89 
na.' 
0.13 
0.06 
1.50 
0.78 
0.03 
na." 
0.52 
0.02 
n.a." 
n.a." 
n.a." 
n.a.' 
n.a.' 
0.02 
0.02 
0.02 
n.a." 
n.a." 
n.a." 
0.08 
0.03 
0.08 
0.0t 
aa." 
' aa." 
aa,". 
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Table 7.1 contd. 
chemical class constituentb 0)21,22 gJ25 gi26 g!27 g/28 
018 
C20 
022 
C24 
C28 
C2S 
C30 
C32 
_S*L 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C34 
C15' 
C17 
C19 
C21 
028 
C25 
C27 
C2S 
C31 
033. 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C12 
014 
C18 
C18 
C20 
C22 
024 
C32 
C34 
C14 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
016 
018 
C20 
022 
024 
C28 
C28 
0.08 
. 0.64 • 
0.19 
na' 
N.D.b 
N.D." 
0.14 
44.21 
6.69 
N.D." 
0.22 
N.D." 
0.06 
0.51 
N.D." 
5.81 
9.44 
66.29 
0.74 
HO.6 
N.D." 
27.30 
0.36 
1.28 
3.31 
0.04 
18.21 
11.34 
0.10 
N.D." 
N.D." 
0.08 
N.D." 
0.13 
0.17 
0.59 
060 
1.10 
N.D" 
0.35 
0.40 
1.85 
1.31 
0.04 
0.40 
N.D.* 
N.D." 
N.D." 
N D " 
N.D." 
0.15 
1.08 
0.99 
2.90 
0.90 
0.01 
N.D." 
N.D." 
0.59 
1.10 
3.19 
1.01 
0.03 
0.01 
N.D," 
. 0,04 
O.08 
0.10 
n.»." 
HA" 
rut" 
0.08 
1.62 
2 88 
n.a.c 
0.13 
n.a.c 
0.03 
0.05 
n.a.c 
1.19 
1.14 
2.14 
0.48 
n.a* 
n.3." 
2,18 
0.04 
0.76 
1.35 
0.02 
1.32 
1.15 
0.06 
n.a.c 
n.a.c 
0.05 
n.a.e 
0.07 
0.09 
0.25 
0.13 
0.79 
n.a.' 
0.12 
0.06 
0.47 
0.72 
0.03 
0.17 
n.a." 
n.a.' 
n.a.' 
n.a.c 
n.a.c 
0.08 
0.26 
0.02 
0.02 
0.02 
0.02 
n.a.c 
n.a.c 
0.08 
0.08 
0.09 
0.09 
0.01 
0.02 
n.a.' 
N.O." 
2.74 
N.D.' 
MO." 
H.O? 
N.O.' 
n.o!> 
1.41 
N.D.'' 
0.86 
1.76 
N.D." 
N.D." 
5.24 
N.D." 
13.73 
35.66 
26.50 
N.D." 
N.D." 
N.D." 
11.16 
3.88 
5.02 
N.D." 
N.D." 
35.44 
16.18 
N.D." 
0.00 
31.14 
0.00 
0.00 
0.54 
0.34 
0.82 
0.70 
N.D." 
N.D" 
0.89 
0.55 
0.83 
1.34 
N.D." 
1.7 
N D . ' 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
ND." 
N.D.' 
N.D." 
"Tift* 
'' rio." 
N.O." 
' N.p." 
ND, ' 
N.D.6 
N.D," 
H A * 
0.27 
n.a.° 
ova.' 
M.*. 
n.a* . 
n.a." 
0.18 
n.a.® 
0.29 
0.28 
n.a.' 
n.a.c 
0.29 
n.a.c 
0.49 
1.09 
0.77 
n.a.c 
n.a.c 
n.a.c 
0.61 
0.30 
0.31 
n.a.c 
n.a." 
1.15 
0.37 
n.a." 
0.00 
1.61 
0.00 
0.00 
0.21 
0.19 
0.18 
0.17 
n.a.e 
n.a.' 
0.34 
0.30 
0.27 
0.25 
n.a.c 
0.2 
n.a.c 
n.a." 
n.a.' 
na.' 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
• h.a." 
n.a." 
ns° 
n.a.° 
n.a." 
n** 
n-a." 
1*0.* 
0.18 
HX>." 
HO." 
NX).* 
N.O." 
0.40 
6.87 
.... JS*_ . 
N.D." 
0.29 
N.D." 
N.D.'' 
N.D." 
N.D.' 
2.38 
6.53 
41.36 
0.41 
N.D." 
N.D.' 
39.58 
0.93 
N.D." 
N.D." 
0.05 
7.65 
8.69 
0.056 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
0.27 
0.32 
0.46 
N.D." 
0.22 
0.72 
0.88 
N.D." 
N.D." 
0.13 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
0.03 
0.22 
0.29 
0.18 
N.D." 
N.D." 
N.D." 
0.12 
0.10 
0.82 
0.06 
0.01 
N.O.* 
•ax" . 
na." 
0.0* 
n.a." 
i».a* 
ita." 
' rta." 
0.22 
. 1.37 
__ 14.62 
n.a.c 
0.16 
n.a.c 
n.a.' 
n.a.c 
n.a.c 
1.53 
1.45 
1.79 
0.39 
n.a.c 
n.a.c 
2.96 
0.55 
n.a." 
n.a.' 
0.03 
1.55 
1.48 
0.007 
n.a.' 
n.a.' 
n.a.c 
n.a.c 
n.a.c 
n.a.' 
0.19 
0.12 
0.33 
n.a.e 
0.15 
0.12 
0.48 
n.a.' 
n.a." 
005 
n.a." 
n.a.c 
n.a." 
na.' 
n.a.c 
n.a.' 
0.08 
0.02 
0.02 
0.02 
n.a." 
n.a.c 
n.a.c 
0.08 
0.08 
" 0.08 
0.02 
0.00 
n.a" 
aa." 
3.19 
35.54 
N.D." "• 
.N.D." 
• N.D." 
N.D." 
0.12 
85.31 
f*.-26 
16.29 
1.83 
4.42 
11.75 
0.67 
N.D." 
2.73 
6.75 
153.69 
1.08 
1.24 
N.D." 
2.95 
0.87 
1.28 
0.30 
N.D." 
5.54 
11.75 
N.D." 
0.00 
16.78 
0.50 
N.D." 
0.46 
0.19 
0.30 
0.41 
0.54 
0.00 
0.36 
6.80 
3.47 
1.47 
1.11 
2.45 
N.D." 
0.12 
N.O," 
N D " 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
' . HO." 
N.D." .. 
N.D." 
N.D," 
N.D." 
N.D," 
1.98 
2.38 
n.a," ' 
n.a." 
n.a." 
n.a." 
0.07 
2.87 
4.32 
2.36 
1.35 
1.82 
1.74 
0.34 
n.a.e 
1.35 
1.28 
4.47 
0.99 
0.61 
n.a." 
1.99 
0.44 
0.86 
0.18 
n.a." 
1.36 
1.31 
n.a." 
0.00 
2.25 
0.16 
n.a.' 
0.32 
0.07 
0.16 
0.06 
0.26 
ooo 
0.12 
2.32 
2.07 
0.59 
0.58 
1.80 
n.a." 
0.07 
n.a.e 
n.a.c 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a.c 
n.a.c 
n.a.'"' 
n.a." 
n.a." 
n.a," 
n.a.° 
0.8." 
M i ' 
0.03 
0.14 
0.02 
N.&" 
N.D* 
N.D.* 
O.03 
2.30' 
5.00 " ' 
N.D." 
N.D." 
N.D." 
N.D." 
0.45 
N.D." 
0.85 
1.73 
7.64 
0.07 
N.D." ' 
N.D." 
25.79 
1.14 
1.32 
N.D." 
N.D." 
1.78 
N.D." 
N.D." 
N.D." 
N.D." 
0.03 
N.D." 
0.04 
0.03 
0.08 
0.06 
0.02 
0.02 
0.07 
0.02 
1.30 
N.D." 
N.D." 
0.11 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
N.D" 
N.D." 
N.D." . 
N.O.* • 
N.O." • 
N.D.* • 
. N.D.* 
N.D.* 
N.D.* 
0.03 
0.08 
0.03' . 
n.a." -. 
n.a." " 
n.a." 
0.02 
0.82 
1.92 
n.a." 
n.a." 
n.a." 
n.a.c 
0.26 
n.a." 
0.44 
0.66 
0.66 
0.04 
n.a.c 
n.a." 
1.62 
0.78 
0.66 
n.a." 
n.a." 
0.70 
n.a." 
n.a.r 
n.a." 
n.a." 
0.03 
n.a." 
0.03 
0.02 
0.02 
0.02 
0.02 
0.01 
0.05 
0.03 
0.44 
n,a.' 
n.a." 
0.08 
n.a.c 
n.a." 
n.a." 
n.a.c 
n.a." 
n.a." 
n.a.c 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a." 
n.a."-
n.a." 
n.a." 
n.a." 
•; n.a." 
n.a." 
n.a.c 
8.73 • 
37.93 
' 0.51 
• N.D." 
N.D.' 
N.D." 
0.14 
2.11 
...20.88 -. 
15.56 
0.57 
0.71 
24.99 
3.59 
N.D." 
3.81 
3.80 
8.42 
N.D." 
0.40 
N.D." 
5.85 
4.05 
3.34 
0.71 
5.28 
5.07 
O.20 
0.46 
N.D." 
36.87 
0.64 
N.D." 
0.84 
0.40 
0.51 
0.84 
0.11 
0.00 
27.79 
8.74 
4.88 
2.09 
2.09 
2.66 
N.D." 
N.D." 
N.D." 
N.D." 
N.D." 
0.04 
0.45 
0.27 
1.27 
0.18 
N.D." 
N.D." 
N.D." 
" 0~33 . 
0.38 ' 
1.32 
0.15 '' 
0.04 
N.D." 
N.D.* 
0.75 
1.78 
0.31 
fta.* 
n.a.": 
n.a.°' 
0.08 
0.44 
- W*. 
1.18 
0.40 
0.22 
1.18 
0.59 
n.a." 
0.51 
0.48 
0.51 
n.a." 
0.24 
<l,a." 
0.79 
0.70 
0.63 
0.36 
0.56 
0.53 
0.13 
0.31 
n.a." 
2.03 
0.48 
n.a." 
0.59 
0.14 
0.38 
0.46 
0.04 
0 00 
2.03 
0.99 
0.81 
0.70 
0.64 
0.60 
n.a," 
n.a." 
n.a." 
n.a." 
n.a." 
0.04 
0.02 
0.02 
0.02 
0.02 
n.a." 
n.a." 
n.a." 
0.08. 
.0.08 
0.09 
.. 0.08 
' 0,08 
. fta." 
o.a* 
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Table 7.1 contd. 
chemical class constituentb gi29 SJO. g!30 S.D. g!31 S.D. g!32 S.D. g!33 S.D. g!34 S.D. 
C18 ' 
C20 
C22 
C24 
C26 
C28 
030 
C32 .-
C34 
C16 
C18 
C20 
C22 
C24 
C26 
C2B 
C30 
C32 
C34 
C15 
C17 
C19 
C2I 
C23 
C25 
C27 
C29 
C31 
C33 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C12 
C14 
C18 
C18 
C20 
C22 
C24 
C32 
C34 
C14 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C16 
C18 
C20 
C22 
C24 
C2B 
C2S 
2.84 
29.46 
0.82 
N.D,b 
. N.D." 
H.0.° 
0.37 
2,87 
9.51 
9.26 
0.31 
0.72 
40.51 
1.93 
N.D." 
7.73 
4.35 
8.83 
ND." 
1.13 
N.D." 
4.00 
1.29 
0.87 
1.37 
N.D." 
12.68 
7.62 
1.21 
N.D." 
2.50 
0.52 
N.D." 
1.11 
0.54 
1.32 
1.77 
1.41 
N.D." 
20.08 
6.93 
5.88 
3.77 
1.94 
2.33 
N.D." 
5 20 
N.D." 
0.30 
N.D." 
0.33 
0.43 
0.46 
1.81 
0.63 
N.D." 
0.08 
N.D." 
0,33 
0.82 
1,64 
0.88 
0,13 
N.D." 
' » • 
1.67 
2.00 
0.45 
B.a.* 
n.a.' 
n.a.e 
0.24 
1,01 
3,46 
1.82 
0.07 
0.46 
2.15 
1.31 
n.a.' 
1.17 
1.08 
1.04 
n.a.' 
0.51 
n.a.' 
1.69 
0.79 
0.52 
1.08 
n.a.' 
1.21 
0.18 
1.05 
n.a.c 
1.76 
0.28 
n.a.c 
0.70 
0.41 
0.90 
1.10 
1.04 
n.a.' 
2.54 
1.98 
1.77 
1.60 
1.46 
1.35 
n.a.' 
0.09 
n.a.' 
0.09 
n.a.c 
0.11 
0.21 
0.02 
0.01 
0.02 
n.a.' 
0.01 
n.a.c 
0.07 
0.08 
0.10 
0.08 
0,09 
o.a.' 
n.a,' 
HD." 
0.27 
0.07 
HO." 
NJJ." 
(US.' 
0.13 
0,34 
5,23 
N.D." 
0.06 
0.03 
0.11 
1.72 
N.D.'' 
4.03 
15.18 
32.59 
0.05 
0.02 
N.D." 
N D " 
0 79 
' 5 9 
005 
0115 
11 bC 
0 33 
U.12 
N.D." 
32.44 
0.07 
N.D." 
0.16 
0.13 
0.37 
0.76 
0.95 
0.10 
0.11 
0.98 
7.23 
0.43 
0.04 
0.22 
N.D." 
0.03 
N.D." 
N.D." 
N.D." 
0.02 
0.06 
0 18 
0.50 
0.34 
0.12 
0.11 
N.D" 
0.25 
0.20 
0.76 
0.11 
0.008 
UO." 
N.O.* 
n.s.e 
0.07 
0.03 
n.a* 
n.a? 
n.a,4 -
0.09 
0.23 
1,51 
n.a.' 
0.03 
0.03 
0.04 
0.81 
n.a.e 
0.72 
0.81 
1.12 
0.04 
0.02 
n.a.' 
n a ' 
0 40 
0 87 
002 
0u3 
0 80 
0 70 
U.U5 
n.a.' 
1.98 
0.04 
n.a.' 
0.11 
0.06 
0.21 
0.56 
0.64 
0.04 
0.05 
0.04 
0.32 
0.21 
0.03 
0.07 
n.a.' 
0.02 
n.a.' 
n.a' 
n.a.' 
0.02 
0.01 
0.02 
0.02 
0.02 
0.02 
0 02 
n.a.' 
0.08 
' 0.08 
0.09 
. 0.09 
0.007 
n.a.' 
n.a.c 
«*.* 
0.46 
0,20 
H,0." 
N.'D.b 
N.D.1* 
0,88 
10.J2 
4.41 
N.D." 
44.99 
N.D." 
0.04 
0.04 
N.D.b 
12.11 
2.77 
6.95 
4.91 
0.02 
N.D." 
34 12 
1 24 
1 55 
0U4 
N O 1 
13 72 
7 29 
N.D." 
N.D." 
N.D." 
0.11 
N.D." 
0.11 
0.14 
1.09 
0.67 
2.30 
N.D." 
0.07 
0.07 
1.83 
4 27 
0.03 
1.44 
N.D." 
0.56 
150.47 
N.D.' 
N.D.* 
0.02 
0.23 
0.26 
2.06 
0.35 
0.01 
0.02 
N.D.° 
~ ' 0,26 
' -0.52 
1,23 
0.91 
0,05 
N.D.* 
MO." 
n.a.' 
0.27 
0.09 
fl.ft* 
n-a." 
n.a.° 
0,64 
1.05 
2.42 
n.a.' 
2.74 
n.a.' 
0.03 
0.02 
n.a.' 
1.21 
1.07 
1.03 
2 64 
0.02 
n.a.' 
2 35 
0 30 
1 10 
0 03 
na.* 
122 
1 10 
n.a.' 
n.a.' 
n.a.' 
0.03 
n.a.' 
0.03 
0.08 
0.22 
0.20 
1.04 
n.a.' 
0.05 
0.04 
1.40 
1.60 
0.03 
0.91 
n.a.' 
0.37 
56.32 
n.a.' 
n.a.' 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
n.a.' 
0.07 
' 0.08 
O.08 
0.10 
0,03 
n.a.' 
n.a.° 
5.24 
46.12 
0.53 
i m * 
N.D." 
N.D." 
N.D." 
- 0.77 
1,77 
24.77 
9.39 
0.09 
20.66 
1.11 
N.D.b 
2.31 
1.49 
12.79 
N.D." 
0.47 
N.D." 
5.77 
4.62 
1.33 
0.74 
N.D." 
3.87 
4.20 
N.D." 
N.D." 
13.96 
0.80 
N.D." 
0.95 
0.40 
0.40 
0.83 
0.07 
N.D.' 
48.94 
13.62 
7.23 
2.52 
2.08 
2.93 
N.D." 
0.07 
5.62 
N.D." 
N.D.' 
N.D.' 
N.D." 
0.13 
0.44 
N.D." 
N.D." 
ND." 
N.D." 
M.O." 
NX)." 
0.44 
0.13 
1*0.* 
KB* 
N.O." 
1.15 
2,33 
0.21 
: n.a.' 
n.a.° 
n.a.' 
n.3.' 
0.39 
. . *.*7 
1.83 
1.22 
0.05 
1.27 
0.64 
n.a.' 
0.77 
0.72 
0.77 
n.a.' 
0.34 
n.a.' 
1.16 
1.05 
0.95 
0.50 
n.a.' 
0.78 
0.74 
n.a.' 
n.a.' 
1.39 
0.56 
n.a.' 
0.60 
0.25 
0.28 
0.44 
0.03 
n.a.' 
3.45 
1.52 
1.23 
1.07 
0.98 
0.91 
n.a.' 
0.04 
0.87 
n.a.' 
n.a.' 
n.a.' 
n.a.' 
0.02 
0.02 
n.a.' 
n.a.' 
n.a.' 
n.a.' 
n.a.' 
ft.8.' 
.. 0.07 
0.10 
ft.a.' 
n.a.' 
n.a.° 
N.D.* 
0.88 
N.O." 
. N.O.* 
H.D." 
•• N.O." 
' 0.61 
6.38 
6.17 
N.D." 
0.25 
N.D." 
0.78 
2.04 
N.D.b 
3.71 
4.61 
28.32 
0.38 
0.02 
N.D." 
24.08 
1.50 
2.02 
N.D." 
2.51 
5.82 
6.64 
0.59 
N.D." 
35.42 
0.10 
N.D.' 
0.08 
0.75 
0.70 
1.71 
0.29 
N.D.' 
0.00 
0.16 
1.12 
1.18 
0.06 
3.91 
N.D." 
0.14 
N.D.' 
N.D.' 
N.D.' 
0.02 
0.49 
0.43 
1.44 
0.08 
0.01 
N.D.' 
N.D." 
0.10 
', ' 0.30 
,1.78 
0.27 
0.01 
N.D.* 
N.D." 
n.a.' 
0.68 
•"***
 ! 
ft** 
nx* 
na* 
0.42 
0.88 
2.48 ' 
n.a.' 
0.10 
n.a.' 
0.56 
1.09 
n.a.' 
0.96 
0.91 
1.17 
0.11 
0.01 
n.a.' 
1.83 
0.79 
1.18 
n.a* 
1.02 
0.97 
0.92 
0.54 
n.a.' 
2.33 
0.07 
n.a.' 
0.06 
0.45 
0.11 
0.26 
0.18 
na.' 
0.00 
0.08 
0,58 
0.84 
0.04 
1.14 
n.a.° 
0.06 
n.a.' 
n.a.' 
n.a.' 
0.01 
002 
0.02 
0.02 
0.02 
0.02 
n.a.' 
n.a.' 
0M 
0,10 
0,05 
0.09 . 
0.02 
n.a,' 
n,a.' 
N.P." 
0,12 
HX>." 
N.D.* 
N.D.' 
US." 
• H.O* 
0.05 
0,51 
N.D.' 
N.D* 
0.02 
0.02 
1.55 
N.D." 
1.59 
0.79 
2.55 
N.D." 
0.02 
N.D.' 
N.D." 
0.57 
2.46 
0.02 
0.03 
1.69 
N.D.6 
N.D." 
N.D." 
25.57 
0.03 
N.D.' 
0.03 
0.06 
0.17 
0.10 
0.012 
0 02 
0.13 
N.O.* 
0.21 
0.05 
0.01 
0.07 
N.D." 
N.D." 
N.D." 
N.D." 
N.Q.* 
0,01 
0.02 
0.01 
0.08 
0.0204 
0.0162 
N.D." 
N.D." 
0,08 
0.013 
0.02 
0.01 
(MX* 
HD* 
RO.» 
0.8.* 
0.08' 
• n.'a.° 
" n.a.D-
o.a.' 
n .a ' 
(!,».'; 
O.02 
0.23 
n.a.' 
n.a.' 
0.03 
0.02 
0.52 
n.a.' 
0.45 
0.42 
0.40 
n.a.' 
0.03 
n.a.* 
n.a.' 
0.32 
0.56 
0.02 
0.02 
0.45 
n.a.' 
n.a.* 
n.a.' 
1.48 
0.03 
n.a.' 
0.03 
0.04 
0.11 
0.06 
0.009 
0.02 
0.09 
n.a.' 
0.12 
O.03 
0.01 
0.03 
n.a.' 
n.a.' 
n.a.* 
n.a.' 
n.a.' 
0.02 
0.01 
0.02 
0.02 
0.0037 
0.0002 
n.a.' 
n.a.' 
0.07 
0.003" 
0.02 
0,02 
n.a.' 
n.a.'' 
n.a.'' 
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Table 7.1 contd. 
chemical class constituentb 
•5, 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C34 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C15 
C17 
C19 
C21 
C23 
C25 
C27 
C29 
C31 
C33 
C12 
C14 
C16 
C18 
C20 
C22 
C24 
C32 
C34 
C14 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
C30 
C32 
C16 
C18 
C20 
C22 
C24 
C26 
C28 
g/35 
N.D." 
0.51 
0.04 
N.D." 
N.D." 
N.D." 
N.D." 
0.12 
0.07 
N.D." 
127.92 
0.17 
0.13 
0.91 
ND." 
2.63 
0.05 
4.58 
N.D.b 
0 10 
N D l 
ND." 
1 15 
1 23 
011 
0 05 
5 41 
2.39 
ND" 
N.D.11 
N.D.b 
0.76 
N.D.b 
0.04 
0.15 
2.77 
0.31 
0.10 
N.D." 
N.D1' 
0.82 
9 74 
7.35 
0 15 
1.80 
ND' 
ND' 
N D b 
N.D.11 
0.02 
0.06 
0.30 
0.59 
1.01 
0.16 
0.03 
N.D." 
0.00 
0.68 
0.62 
0.61 
0.24 
0.02 
N.D." 
N.D.'' 
S.D. gl-Dom S.D. 
n.a.' 
0.28 
0.03 
n.a." 
n.a.e 
n.a." 
n.a.< 
0.02 
0.03 
n.a.'c ""' 
6.28 
0.06 
0.07 
0.70 
n.a.c 
0.95 
0.01 
0.85 
n.a.c 
0.01 
na' 
na" 
0 79 
0 85 
0.04 
0 03 
0 97 
0 91 
nd" 
n.a.c 
n.a.c 
0.46 
n.a.c 
0.03 
0.09 
0.99 
0.13 
0.05 
n.a.c 
na.' 
0 01 
0 30 
1 37 
011 
1 13 
na.1-
na' 
n.a.c 
n.a.° 
0.06 
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
n.a.e 
0.00 
0.09 
0.09 
0.08 
0.08 
0.03 
n.a.c 
n.a.c 
0.09 
1.70 
0.38 
N.D." 
N.D.* 
N.D." 
0.10 
123.25 
13.84 
N.D." 
N.D." 
0.42 
0.37 
4.87 
N.D." 
5.53 
12.40 
159.86 
1.21 
0.02 
N.D.L 
0.32 
0.99 
4.00 
N.D' 
N.D" 
10.42 
11 86 
N.D' 
N.D.b 
47.43 
0.56 
N.D." 
0.28 
0.13 
0.33 
2.61 
1.23 
N.D." 
0 10 
011 
1.74 
1.50 
0.0B 
2 32 
ND.1, 
N.D." 
N.D.° 
N.D." 
N.D." 
0.05 
0.31 
0.20 
0.64 
0.08 
N.D.b 
N.D." 
N.D." 
0.27 
0.27 
0.59 
0.13 
0.019 
N.D." 
N.D." 
0.06 
0.78 
0.18 
n.a.° 
n.a.' 
n.a.c 
0.05 
3.48 
_4.16 
n.a.c 
n.a.1 
0.20 
0.19 
0.69 
n.a.c 
0.61 
0.67 
4.50 
1.25 
0.02 
n.a' 
0.08 
0.50 
0.74 
n.a' 
n.a c 
0.67 
0.61 
n a.' 
n.a.c 
2.57 
0.37 
n.a.c 
0.04 
0.10 
0.05 
0.57 
0.53 
n.a.c 
0.05 
0.05 
0 89 
0.81 
0.04 
0.G9 
n.a.= 
n.a.e 
n.a.e 
n.a> 
n.a.c 
0.13 
0.05 
0.02 
0.02 
0.02 
n.a.c 
n.a.c 
n.a.c 
0.08 
0.07 
0.09 
0.10 
0.009 
n.a.c 
n.a.c 
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Table 7.2. Constituents of maize pollen cuticular waxes3 
compound" 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
B73 
0.0099 
0.0099 
0.0248 
0.0118 
0.0121 
0.0066 
0.0107 
0.3160 
0.0104 
0.0040 
0.0266 
N.D." 
0.0036 
0.0097 
0.0574 
0.0849 
0.4327 
N.D." 
0.0132 
0.0296 
0.0238 
0.0077 
0.0405 
0.1576 
0.4883 
0.1906 
0.0042 
0.0051 
0.0087 
N.D." 
N.D." 
N.D." 
0.1301 
0.0744 
0.1062 
S.D. 
0.0020 
0.0015 
0.0023 
0.0020 
0.0023 
0.0076 
0.0020 
4.4526 
0.0000 
0.0022 
0.0028 
n.a.c 
0.0026 
0.0024 
0.0022 
0.0017 
0.0029 
0.0000 
0.0021 
0.0023 
0.0025 
0.0021 
0.0020 
0.0024 
0.0023 
0.0000 
0.0000 
0.0000 
0.0000 
0.0020 
0.0027 
0.0021 
0.0023 
0.0024 
0.0022 
gl-domi 
0.0064 
0.0069 
0.0189 
0.0117 
0.0084 
0.0134 
0.0104 
4.4000 
N.D.b 
0.0041 
0.0274 
N.D." 
0.0036 
0.0162 
0.0646 
0.0953 
0.3840 
N.D.b 
0.0109 
0.0255 
0.0081 
0.0136 
0.0630 
0.0614 
0.3071 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
0.0194 
0.0054 
0.0181 
0.0630 
0.0577 
0.1467 
S.D. 
0.0007 
0.0012 
0.0016 
0.0022 
0.0024 
0.0011 
0.0023 
2.8000 
n.a.c 
0.0004 
0.0026 
n.a.c 
0.0017 
0.0023 
0.0020 
0.0016 
0.0028 
0.0000 
0.0018 
0.0020 
0.0016 
0.0013 
0.0000 
0.0016 
0.0037 
n.a.c 
n.a.c 
n.a.c 
0.0022 
0.0004 
0.0017 
0.0019 
0.0019 
0.0013 
0.0016 
gl2 
0.0050 
0.0070 
0.0102 
0.0082 
N.D.b 
N.D.b 
0.0021 
0.0847 
N.D.b 
N.D." 
0.0121 
N.D.b 
0.0031 
N.D.b 
0.0110 
0.0205 
0.1557 
N.D.b 
0.0042 
0.0118 
0.0046 
0.0188 
N.D.b 
0.0463 
0.1474 
0.0556 
N.D.b 
N.D.b 
0.0042 
N.D.b 
N.D.b 
0.0031 
0.0033 
0.0037 
0.0083 
S.D. 
0.0013 
0.0018 
0.0018 
0.0028 
n.a.c 
n.a.c 
0.0010 
0.0020 
n.a.c 
n.a.c 
0.0020 
n.a.c 
0.0002 
n.a.c 
0.0017 
0.0035 
0.0037 
n.a. 
0.0026 
0.0012 
0.0000 
0.0029 
n.a.c 
0.0015 
0.0010 
0.0007 
n.a.c 
n.a.c 
0.0012 
n.a.c 
n.a.c 
0.0032 
0.0073 
0.0013 
0.0028 
"Constituents of cuticular waxes detected from GCMS are given in umole/ g dry weight. 
S.D.= Standard Deviation of three independent experiments. 
bN.D. = Not Detected, below the detection limit of 1 pmole 
cn.a.= not applicable 
dCx=0 ketone; double bond position(s) is/are given within bracket as detremined by DMDS 
adducts. 
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compoundd 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
gl3 
0.0055 
0.0093 
0.0155 
0.0122 
0.0034 
0.0030 
0.0059 
0.1275 
N.D.b 
N.D.b 
0.0174 
N.D." 
0.0023 
0.0063 
0.0278 
0.0507 
0.2172 
N.D.b 
0.0061 
0.0183 
0.0057 
0.0361 
N.D.b 
0.0869 
0.3743 
0.1090 
N.D." 
N.D.b 
0.0058 
N.D.b 
0.0093 
0.0161 
0.0277 
0.0302 
0.0931 
S.D. 
0.0011 
0.0013 
0.0011 
0.0131 
0.0011 
0.0017 
0.0010 
0.0016 
n.a.c 
n.a.c 
0.0026 
n.a.c 
0.0009 
0.0019 
0.0021 
0.0024 
0.0470 
n.a.c 
0.0023 
0.0017 
0.0027 
0.0016 
n.a. 
0.0008 
0.0020 
0.0016 
n.a.c 
n.a.c 
0.0016 
n.a.c 
0.0013 
0.0013 
0.0007 
0.0018 
0.0024 
gi4 
0.0059 
0.0143 
0.0238 
0.0159 
0.0046 
0.0050 
0.0064 
0.1826 
N.D." 
N.D.b 
0.0206 
N.D.b 
0.0017 
0.0083 
0.0291 
0.0650 
0.3852 
N.D.b 
0.0070 
0.0286 
N.D.b 
0.0342 
N.D." 
0.0395 
0.3496 
0.1904 
N.D.b 
N.D.b 
0.0064 
N.D.b 
0.0086 
0.0101 
0.0656 
0.0520 
0.0665 
S.D. 
0.0008 
0.0006 
0.0011 
0.0006 
0.0004 
0.0002 
0.0004 
0.0011 
n.a.c 
n.a.c 
0.0016 
n.a.c 
0.0002 
0.0005 
0.0003 
0.0008 
0.0008 
n.a.c 
0.0003 
0.0010 
n.a. 
0.0010 
n.a.c 
0.0019 
0.0010 
0.0018 
n.a.c 
n.a.c 
0.0023 
n.a.c 
0.0008 
0.0016 
0.0032 
0.0034 
0.0021 
gl5,20 
0.0027 
0.0066 
0.0118 
0.0112 
N.D.b 
0.0033 
0.0031 
0.0931 
N.D.b 
N.D.b 
0.0112 
N.D.b 
N.D.b 
0.0034 
0.0116 
0.0280 
0.1433 
N.D.b 
0.0046 
0.0118 
N.D." 
0.0224 
N.D.b 
0.0590 
0.2405 
0.0695 
N.D.b 
N.D.b 
0.0037 
N.D.b 
0.0038 
0.0127 
0.0135 
0.0120 
0.0612 
S.D. 
0.0005 
0.0007 
0.0022 
0.0010 
n.a.c 
0.0016 
0.0021 
0.0031 
n.a.c 
n.a.c 
0.0016 
n.a.c 
n.a.c 
0.0000 
0.0019 
0.0009 
0.0026 
n.a.c 
0.0008 
0.0014 
n.a.c 
0.0027 
n.a.c 
0.0025 
0.0008 
0.0070 
n.a.c 
n.a.c 
0.0014 
n.a.c 
0.0006 
0.0000 
0.0023 
0.0017 
0.0008 
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compound" 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29 :1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
gl6 
0.0009 
0.0012 
0.0019 
0.0015 
N.D.b 
N.D.b 
N.D.b 
0.0079 
N.D." 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D." 
0.0026 
0.0031 
0.0065 
N.D." 
N.D.b 
N.D.b 
N.D.b 
N.D." 
N.D.b 
0.0025 
0.0140 
0.0022 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
0.0012 
0.0018 
0.0013 
0.0013 
S.D. 
0.0011 
0.0008 
0.0016 
0.0020 
n.a.c 
n.a.c 
n.a.c 
0.0008 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.0006 
0.0023 
0.0009 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.0017 
0.0018 
0.0010 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.0017 
0.0014 
0.0019 
0.0019 
gl8aref 
0.0049 
0.0067 
0.0156 
0.0169 
0.0082 
0.0094 
0.0085 
0.3222 
0.0017 
0.0035 
0.0336 
N.D.b 
0.0024 
0.0206 
0.0533 
0.1037 
0.6354 
N.D." 
0.0099 
0.0555 
0.0102 
0.0104 
0.0766 
0.0398 
0.3010 
0.4140 
N.D.b 
0.0070 
0.0159 
0.0221 
0.0068 
0.0389 
0.0169 
0.1942 
0.4241 
S.D. 
0.0012 
0.0016 
0.0021 
0.0010 
0.0017 
0.0016 
0.0011 
0.0015 
0.0000 
0.0000 
0.0020 
0.0000 
0.0017 
0.0021 
0.0032 
0.0013 
0.0015 
0.0000 
0.0031 
0.0014 
0.0017 
0.0015 
0.0013 
0.0003 
0.0016 
0.0007 
0.0000 
0.0000 
0.0026 
0.0000 
0.0011 
0.0026 
0.0018 
0.0023 
0.0020 
gl8b 
N.D." 
N.D.b 
N.D." 
N.D.b 
N.D.b 
N.D.b 
N.D.b 
0.0255 
N.D.b 
N.D.b 
0.0044 
N.D.b 
N.D.b 
N.D.b 
0.0070 
0.0141 
0.0949 
N.D.b 
0.0021 
0.0056 
N.D.b 
0.0029 
0.0118 
0.0188 
0.0831 
0.0522 
N.D.b 
N.D.b 
0.0027 
N.D.b 
N.D.b 
N.D.b 
0.0941 
N.D.b 
0.0085 
S.D. 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
n.a.c 
0.0027 
n.a.c 
n.a.c 
0.0028 
n.a.c 
n.a.c 
n.a.c 
0.0006 
0.0021 
0.0020 
n.a.c 
0.0032 
0.0013 
n.a.c 
0.0017 
0.0014 
0.0007 
0.0016 
0.0006 
n.a.c 
n.a.c 
0.0013 
n.a.c 
n.a.c 
n.a.c 
0.0006 
n.a.c 
0.0011 
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compound11 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
gl8amu-5074 
0.0016 
0.0021 
0.0039 
0.0024 
N.D.b 
N.D.b 
N.D." 
0.0116 
N.D.b 
N.D.b 
0.0036 
N.D.b 
N.D." 
N.D." 
N.D.b 
0.0032 
0.0656 
N.D." 
N.D.b 
0.0061 
N.D." 
N.D.b 
N.D.b 
0.0040 
0.0304 
0.0391 
N.D." 
N.D.b 
0.0018 
N.D.b 
0.0031 
0.0020 
0.0038 
0.0071 
0.0211 
S.D. 
0.0025 
0.0024 
0.0021 
0.0022 
n.a.c 
n.a.c 
n.a.c 
0.0022 
n.a.c 
n.a.c 
0.0012 
n.a.c 
n.a.° 
n.a.c 
n.a.c 
0.0014 
0.0017 
n.a.c 
n.a.c 
0.0009 
n.a.c 
n.a.c 
n.a.c 
0.0258 
0.0009 
0.0024 
n.a.c 
0.0000 
0.0011 
n.a.c 
0.0023 
0.0006 
0.0018 
0.0018 
0.0026 
gl8amu88-3134 
0.0028 
0.0035 
0.0054 
0.0036 
N.D.b 
N.D.b 
N.D.b 
0.0552 
N.D.b 
N.D." 
0.0055 
N.D.b 
N.D.b 
N.D.b 
0.0063 
0.0126 
0.1181 
N.D." 
0.0019 
0.0076 
N.D." 
0.0057 
N.D.b 
0.0146 
0.0999 
0.0639 
N.D.b 
N.D.b 
0.0016 
N.D.b 
0.0021 
N.D." 
0.0055 
0.0073 
0.0158 
S.D. 
0.0017 
0.0022 
0.0007 
0.0011 
n.a.c 
n.a.c 
n.a.c 
0.0007 
n.a.c 
n.a.c 
0.0013 
n.a.c 
n.a.c 
n.a.c 
0.0005 
0.0012 
0.0012 
n.a.c 
0.0011 
0.0016 
n.a.c 
0.0014 
n.a.c 
0.0008 
0.0017 
0.0010 
n.a.c 
n.a.c 
0.0016 
n.a.c 
0.0004 
n.a.c 
0.0006 
0.0006 
0.0004 
gin 
0.0022 
0.0039 
0.0093 
0.0057 
0.0029 
0.0030 
0.0045 
0.0844 
N.D.b 
N.D.b 
0.0088 
N.D.b 
N.D.b 
N.D.b 
0.0131 
0.0266 
0.1202 
N.D." 
0.0030 
0.0106 
0.0021 
0.0226 
N.D.b 
0.0553 
0.2055 
0.0605 
N.D.b 
N.D." 
0.0026 
N.D.b 
0.0019 
N.D." 
0.0039 
0.0206 
0.0611 
S.D. 
0.0005 
0.0007 
0.0022 
0.0010 
0.0008 
0.0016 
0.0021 
0.0031 
n.a.c 
n.a.c 
0.0016 
n.a.c 
n.a.c 
n.a.c 
0.0019 
0.0009 
0.0026 
n.a.c 
0.0008 
0.0014 
0.0008 
0.0027 
n.a.c 
0.0025 
0.0008 
0.0070 
n.a.c 
n.a.c 
0.0014 
n.a.c 
0.0006 
n.a.c 
0.0023 
0.0017 
0.0008 
gl13 
0.0065 
0.0081 
0.0176 
0.0114 
0.0064 
0.0073 
0.0084 
0.2240 
N.D." 
N.D." 
0.0195 
N.D.b 
0.0028 
0.0105 
0.0378 
0.0698 
0.4058 
N.D.b 
0.0067 
0.0273 
0.0000 
0.0275 
N.D." 
0.0816 
0.1710 
0.1973 
N.D.b 
0.0025 
0.0089 
0.0030 
0.0022 
0.0327 
0.2180 
0.0736 
0.1914 
S.D. 
0.0022 
0.0014 
0.0017 
0.0015 
0.0018 
0.0016 
0.0017 
0.0020 
n.a.c 
n.a.c 
0.0011 
n.a.c 
0.0012 
0.0019 
0.0028 
0.0013 
0.0020 
n.a.c 
0.0029 
0.0012 
0.0000 
0.0053 
n.a.c 
0.0019 
0.0031 
0.0018 
n.a.c 
0.0010 
0.0026 
0.0012 
0.0018 
0.0002 
0.0022 
0.0018 
0.0010 
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compound11 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29 :1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
giu 
0.0031 
0.0034 
0.0081 
0.0061 
0.0041 
0.0022 
0.0028 
0.0580 
N.D.b 
N.D.b 
0.0068 
N.D." 
0.0034 
N.D.b 
0.0092 
0.0259 
0.1125 
N.D.b 
0.0022 
0.0123 
0.0032 
0.0144 
N.D.b 
0.0188 
0.0734 
0.0588 
N.D." 
N.D.b 
0.0036 
N.D.b 
0.0021 
0.0026 
0.0038 
0.0058 
0.0538 
S.D. 
0.0011 
0.0008 
0.0016 
0.0020 
0.0025 
0.0011 
0.0010 
0.0008 
n.a.c 
n.a.c 
0.0012 
n.a.c 
0.0020 
n.a.c 
0.0006 
0.0023 
0.0009 
n.a.c 
0.0010 
0.0017 
0.0029 
0.0012 
n.a.c 
0.0017 
0.0018 
0.0010 
n.a.c 
n.a.c 
0.0003 
n.a.c 
0.0026 
0.0017 
0.0014 
0.0019 
0.0019 
015 
0.0054 
0.0070 
0.0108 
0.0174 
0.0043 
0.0044 
0.0055 
0.1498 
N.D." 
N.D.b 
0.0184 
N.D.b 
0.0000 
0.0179 
0.0126 
0.0639 
0.2461 
0.0050 
0.0094 
0.0201 
0.0093 
0.0095 
0.0457 
0.0580 
0.2032 
0.1140 
N.D.b 
N.D." 
0.0055 
0.0060 
0.0078 
0.0257 
0.0415 
0.0315 
0.1055 
S.D. 
0.0010 
0.0015 
0.0011 
0.0016 
0.0011 
0.0021 
0.0017 
0.0022 
n.a.c 
n.a.c 
0.0022 
n.a.c 
0.0000 
0.0015 
0.0017 
0.0005 
0.0020 
0.0019 
0.0033 
0.0013 
0.0015 
0.0017 
0.0109 
0.0018 
0.0011 
0.0031 
n.a.c 
n.a.c 
0.0017 
0.0014 
0.0011 
0.0016 
0.0069 
0.0026 
0.0008 
gl21/22 
0.0053 
0.0079 
0.0139 
0.0083 
0.0076 
0.0237 
0.0574 
0.2417 
N.D.b 
N.D." 
0.0153 
N.D." 
0.0017 
0.0078 
0.0264 
0.0575 
0.2415 
0.0000 
0.0086 
0.0174 
0.0075 
0.0016 
0.0452 
0.1081 
0.4262 
0.1143 
N.D.b 
N.D.b 
0.0067 
N.D.b 
0.0076 
0.0086 
0.0425 
0.0306 
0.1198 
S.D. 
0.0012 
0.0016 
0.0021 
0.0010 
0.0017 
0.0016 
0.0011 
0.0015 
n.a.c 
n.a.c 
0.0020 
n.a.c 
0.0017 
0.0021 
0.0032 
0.0013 
0.0015 
0.0000 
0.0031 
0.0014 
0.0017 
0.0015 
0.0013 
0.0003 
0.0016 
0.0007 
n.a.c 
n.a.c 
0.0026 
n.a. 
0.0011 
0.0026 
0.0018 
0.0023 
0.0020 
gl29 
0.0048 
0.0063 
0.0143 
0.0074 
N.D." 
N.D.b 
N.D.b 
0.1592 
N.D." 
N.D." 
0.0165 
N.D." 
0.0030 
0.0081 
0.0273 
0.0762 
0.3285 
0.0000 
0.0075 
0.0224 
0.0079 
0.0029 
0.0294 
0.0388 
0.5654 
0.1581 
N.D." 
N.D.b 
0.0067 
N.D.b 
0.0119 
0.0396 
0.0164 
0.0514 
0.1647 
S.D. 
0.0016 
0.0013 
0.0015 
0.0012 
n.a.c 
n.a.c 
n.a.c 
0.0022 
n.a.c 
n.a.c 
0.0012 
n.a.c 
0.0022 
0.0025 
0.0021 
0.0012 
0.0017 
0.0000 
0.0013 
0.0023 
0.0006 
0.0024 
0.0019 
0.0023 
0.0013 
0.0012 
n.a.c 
n.a.c 
0.0016 
n.a.c 
0.0021 
0.0023 
0.0006 
0.0017 
0.0014 
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compound*1 
C21:0 
C21=0 
C23:0 
C23=O:0 
C25:1(6) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29 :1(6) 
C29 :1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(9,12) 
C31:1(6,9) 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
fir/30 
0.0038 
0.0041 
0.0082 
0.0046 
0.0047 
0.0048 
0.0047 
0.1353 
N.D.b 
N.D.b 
0.0158 
N.D.b 
0.0024 
0.0176 
0.0334 
0.0554 
0.2661 
0.0000 
0.0070 
0.0163 
0.0060 
0.0042 
0.0408 
0.0599 
0.2282 
0.1008 
N.D.b 
N.D.b 
0.0027 
N.D." 
0.0074 
0.0313 
0.0319 
0.0404 
0.0586 
S.D. 
0.0014 
0.0024 
0.0010 
0.0010 
0.0016 
0.0018 
0.0011 
0.0027 
n.a.c 
n.a.c 
0.0028 
n.a.c 
0.0018 
0.0011 
0.0006 
0.0021 
0.0020 
0.0000 
0.0032 
0.0013 
0.0026 
0.0017 
0.0014 
0.0007 
0.0016 
0.0006 
n.a.c 
n.a.c 
0.0013 
n.a.c 
0.0010 
0.0011 
0.0006 
0.0030 
0.0011 
gl31 
0.0072 
0.0074 
0.0241 
0.0156 
0.0083 
0.0073 
0.0139 
0.3310 
N.D.b 
0.0042 
0.0322 
N.D.b 
0.0036 
0.0136 
0.0718 
0.1303 
0.5453 
0.0000 
0.0225 
0.0308 
0.0083 
0.0110 
0.0424 
0.0292 
0.3122 
0.2587 
N.D.b 
0.0045 
0.0115 
0.0153 
0.0031 
0.2014 
0.0033 
0.1106 
0.1906 
S.D. 
0.0021 
0.0006 
0.0009 
0.0017 
0.0013 
0.0033 
0.0017 
0.0003 
n.a.c 
0.0011 
0.0022 
n.a.c 
0.0009 
0.0017 
0.0006 
0.0022 
0.0011 
0.0000 
0.0190 
0.0211 
0.0021 
0.0011 
0.0008 
0.0016 
0.0014 
0.0006 
n.a.c 
0.0028 
0.0023 
0.0011 
0.0014 
0.0006 
0.0016 
0.0018 
0.0016 
g/33 
0.0063 
0.0063 
0.0120 
0.0086 
0.0031 
0.0043 
0.0579 
0.1642 
N.D.b 
0.0032 
0.0166 
0.0010 
N.D.b 
0.0058 
0.0271 
0.0541 
0.2378 
0.0000 
0.0046 
0.0210 
0.0027 
0.0039 
0.0379 
0.0512 
0.2355 
0.1079 
N.D.b 
N.D.b 
0.0066 
N.D.b 
0.0059 
0.0101 
0.0135 
0.0227 
0.0304 
S.D. 
0.0025 
0.0024 
0.0021 
0.0022 
0.0014 
0.0021 
0.0902 
0.0022 
n.a.c 
0.0023 
0.0012 
0.0005 
n.a.c 
0.0004 
0.0011 
0.0014 
0.0017 
0.0000 
0.0011 
0.0009 
0.0016 
0.0004 
0.0006 
0.0258 
0.0009 
0.0024 
n.a.c 
n.a.c 
0.0011 
n.a.c 
0.0023 
0.0006 
0.0018 
0.0018 
0.0026 
gl34 
0.0030 
0.0050 
0.0115 
0.0065 
0.0072 
0.0060 
0.0067 
0.1478 
N.D.b 
N.D.b 
0.0124 
N.D.b 
0.0023 
0.0124 
0.0380 
0.0709 
0.2383 
0.0000 
0.0064 
0.0188 
0.0067 
0.0095 
0.0594 
0.0777 
0.2505 
0.1136 
N.D.b 
N.D.b 
0.0050 
0.0091 
0.0044 
0.0187 
0.0538 
0.1740 
0.3159 
S.D. 
0.0004 
0.0017 
0.0013 
0.0039 
0.0022 
0.0020 
0.0022 
0.0022 
n.a.c 
n.a.c 
0.0022 
n.a.c 
0.0017 
0.0018 
0.0006 
0.0007 
0.0034 
0.0000 
0.0022 
0.0006 
0.0028 
0.0018 
0.0017 
0.0008 
0.0029 
0.0016 
n.a.c 
n.a.c 
0.0007 
0.0022 
0.0007 
0.0018 
0.0013 
0.2252 
0.4072 
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Table 7.3. Constituents of maize silk cuticular waxes3 
compound wt gn gl2 gl3 gl4 
C19=0 
C21:0 
C21=0 
C23:1(6) 
C23:1(9) 
C23:1(4) 
C23:0 
C23=0:1(9) 
C23=0:1(4) 
C23=O:0 
C25:2(9,12) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
0.0094 + 0.0016 
0.0264 + 0.003 
0.0366 + 0.0023 
N.D.C 
0.0078 + 0.002 
0.0131 + 0.009 
0.27 + 0.008 
N.D.C 
N.D.C 
0.078 + 0.0026 
0.0197 + 0.0024 
0.1388 + 0.008 
0.132 + 0.0038 
0.3133 + 0.0023 
0.0042 + 0.0012 
0.0022 + 0.0018 
0.034 + 0.0009 
N.D.C 
0.044 + 0.0016 
N.D.C 
0.089 + 0.0013 
0.157 + 0.0038 
0.57 + 0.02 
0.005 + 0.0002 
0.0385 + 0.0032 
0.113 + 0.0025 
N.D.C 
0.008 + 0.0016 
0.138 + 0.028 
0.05 + 0.0016 
0.425 + 0.014 
0.97 + 0.19 
N.D.C 
0.0065 + 0.001 
0.063 + 0.0018 
0.025 + 0.005 
0.171 +0.008 
0.034 + 0.002 
0.44 + 0.02 
0.0132 + 0.0013 
0.0311 +0.0011 
0.04 + 0.0011 
0.0016 + 0.0021 
0.0040 + 0.0005 
0.016 + 0.0004 
0.25 + 0.007 
N.D.C 
0.008 + 0.0014 
0.069 + 0.0007 
0.014 + 0.0002 
0.07 + 0.0011 
0.09 + 0.0082 
0.26 + 0.006 
N.D.C 
0.004 + 0.002 
0.0269 + 0.008 
N.D.C 
0.034 + 0.004 
N.D.C 
0.046 + 0.0055 
0.01+0.0011 
0.4711+0.0002 
N.D.C 
0.034 + 0.004 
0.07 + 0.0024 
0.0057+ 0.0011 
0.0597 + 0.0002 
N.D.C 
0.22 + 0.0014 
0.40 + 0.0057 
0.88 + 0.08 
0.0041 + 0.0004 
0.0016 + 0.0006 
0.044 + 0.001 
0.0311+0.0005 
0.08 + 0.0013 
0.0044 + 0.0013 
0.3512 + 0.0007 
0.0048 + 0.0013 
0.0118 + 0.0014 
0.0169 + 0.0012 
N.D.C 
0.0018 + 0.0009 
0.004 + 0.0014 
0.096 + 0.0002 
0.0017 + 0.001 
0.0016 + 0.0007 
0.035 + 0.001 
0.005 + 0.0009 
0.047 + 0.001 
0.045 + 0.0015 
0.18 + 0.0013 
N.D.C 
N.D.C 
0.025 + 0.001 
N.D.C 
0.021 + 0.001 
N.D.C 
0.092 + 0.005 
0.0731 + 0.0007 
0.44 + 0.05 
0.0039 + 0.0008 
0.022 + 0.0013 
0.063 + 0.0089 
0.0054 + 0.0014 
0.121 +0.005 
N.D.C 
0.181+0.008 
0.26 + 0.05 
0.59 + 0.05 
N.D.C 
0.0019 + 0.0001 
0.028 + 0.007 
0.029 + 0.004 
0.096 + 0.005 
0.0304 + 0.001 
0.206 + 0.012 
0.0049 + 0.0011 
0.0087 + 0.001 
0.0118 + 0.0002 
N.D.C 
N.D.C 
N.D.C 
0.022 + 0.001 
N.D.C 
0.0005 + 0.0001 
0.0123 + 0.001 
N.D.C 
0.011+0.001 
0.012 + 0.001 
0.08 + 0.003 
0.0014 + 0.0004 
0.0016 + 0.0005 
0.0179 + 0.001 
N.D.C 
0.0017 + 0.001 
N.D.C 
0.064 + 0.001 
0.08 + 0.001 
0.41 +0.007 
0.0036 + 0.001 
0.022 + 0.001 
0.066 + 0.005 
N.D.C 
0.0056 + 0.0007 
0.078 + 0.002 
0.049 + 0.001 
0.12 + 0.04 
0.84 + 0.01 
0.0031 + 0.004 
0.0019 + 0.0006 
0.0569 + 0.001 
0.04 + 0.006 
0.113 + 0.003 
0.016 + 0.004 
0.41 + 0.008 
0.0039 + 0.0013 
0.0098 + 0.001 
0.0132 + 0.003 
N.D.C 
N.D.C 
0.0024 + 0.008 
0.076 + 0.007 
N.D.C 
N.D.C 
0.023 + 0.003 
0.0024 + 0.0006 
0.034 + 0.001 
0.033 + 0.007 
0.118 + 0.008 
N.D.C 
0.0021 + 0.0002 
0.018 + 0.002 
N.D.C 
0.0163 + 0.0002 
N.D.C 
0.076 + 0.009 
0.08 + 0.004 
0.347 + 0.014 
0.0047 + 0.0006 
0.0276 + 0.0002 
0.066 + 0.005 
N.D.C 
0.009 + 0.001 
0.061+0.008 
0.088 + 0.008 
0.157 + 0.012 
0.58 + 0.1 
0.0028 + 0.001 
0.0013 + 0.0007 
0.020 + 0.001 
0.047 + 0.002 
0.064 + 0.004 
0.029 + 0.005 
0.157 + 0.003 
aConstituents of cuticular waxes detected from GCMS are given in umole/ g dry weight. 
Avergae of three independent experiments + standard deviation. 
bCx=0 ketone; double bond position(s) is/are given within bracket as detremined by DMDS 
adducts. 
CN.D. = Not Detected, below the detection limit of 1 pmole 
Table 7.3. contd. 
316 
compound" g!5, g!20 g!6 g!8a-ref g!8b 
C19=0 0.0038 + 0.001 0.0033 + 0.0002 0.0041+0.0002 0.0014 + 0.0006 
C21:0 0.010 + 0.001 0.009 + 0.002 0.014 + 0.0006 0.0032 + 0.0001 
C21=0 0.014 + 0.001 0.013 + 0.001 0.02 + 0.001 0.0056 + 0.001 
C23:1(6) N.D.C N.D.C N.D.C N.D.C 
C23:1(9) 0.0017 + 0.001 N.D.C 0.0046 + 0.0005 N.D.C 
C23:1(4) 0.0037 + 0.002 N.D.C 0.009 + 0.002 N.D.C 
C23:0 0.099 + 0.01 0.09 + 0.006 0.182 + 0.007 0.043 + 0.006 
C23=0:1(9) N.D.C 0.0017 + 0.0004 0.0026 + 0.0007 N.D.C 
C23=0:1(4) N.D.C 0.0015 + 0.001 0.0024 + 0.0002 N.D.C 
C23=O:0 0.028 + 0.008 0.032 + 0.0002 0.05 + 0.0006 0.011+0.0008 
C25:2(9,12) 0.0044 + 0.001 0.0056 + 0.001 0.013 + 0.001 N.D.C 
C25:1(9) 0.044 + 0.001 0.047 + 0.005 0.11+0.006 0.019 + 0.001 
C25:1(4) 0.039 + 0.001 0.057 + 0.004 0.08 + 0.007 0.0084 + 0.0009 
C25:0 0.134 + 0.004 0.148 + 0.007 0.25 + 0.03 0.053 + 0.006 
C25=0:1(9) N.D.C 0.0016 + 0.001 0.0023 + 0.0002 N.D.C 
C25=0:1(4) N.D.C 0.0004 + 0.0001 0.0011+0.0009 N.D.C 
C25=O:0 0.016 + 0.002 0.0167 + 0.0007 0.024 + 0.017 0.0069 + 0.0009 
C27:2(6,9) N.D.C N.D.C N.D.C N.D.C 
C27:2(9,12) 0.015 + 0.0009 0.022 + 0.001 0.042 + 0.006 0.006 + 0.0007 
C27:1(6) N.D.C N.D.C N.D.C N.D.C 
C27:1(9) 0.074 + 0.004 0.08 + 0.0002 0.133 + 0.008 0.033 + 0.002 
C27:1(4) 0.058 + 0.008 0.079 + 0.001 0.11+0.001 0.018 + 0.002 
C27:0 0.344 + 0.001 0.28 + 0.024 0.49 + 0.002 0.16 + 0.003 
C27=0:1(9) 0.0039 + 0.0009 0.0069 + 0.0002 0.0041+0.0003 N.D.C 
C27=0:1(4) 0.0156 + 0.003 0.025 + 0.0004 0.03 + 0.007 N.D.C 
C27=O:0 0.056 + 0.003 0.0487 + 0.001 0.0912 + 0.0004 0.04 + 0.002 
C29:2(6,9) N.D.C 0.0033 + 0.0008 0.011+0.004 N.D.C 
C29:2(9,12) 0.0049 + 0.0009 0.078 + 0.002 0.103 + 0.001 0.0032 + 0.001 
C29:1(6) 0.095 + 0.01 N.D.C N.D.C 0.034 + 0.001 
C29:1(9) 0.162 + 0.003 0.143 + 0.022 0.18 + 0.002 0.064 + 0.002 
C29:1(4) 0.24 + 0.03 0.223 + 0.021 0.37 + 0.002 0.063 + 0.003 
C29:0 0.32 + 0.01 0.39 + 0.05 0.88 + 0.13 0.31+0.003 
C29=0:1(9) 0.0056 + 0.0009 0.005 + 0.001 0.008 + 0.002 N.D.C 
C29=0:1(4) 0.0017 + 0.0001 0.0005 + 0.0002 0.0016 + 0.0006 N.D.C 
C29=O:0 0.038 + 0.001 0.02 + 0.0008 0.044 + 0.004 0.015 + 0.002 
C31:1(6) 0.049 + 0.002 0.038 + 0.001 0.087 + 0.004 0.03 + 0.006 
C31:1(9) 0.097 + 0.008 0.068 + 0.001 0.155 + 0.007 0.10 + 0.007 
C31:1(4) 0.1098 + 0.006 0.0251+0.0007 0.013 + 0.005 0.04 + 0.002 
C31:0 0.277 + 0.017 0.133 + 0.001 0.3 + 0.02 0.09 + 0.0002 
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compound 
C19=0 
C21:0 
C21=0 
C23:1(6) 
C23:1(9) 
C23:1(4) 
C23:0 
C23=0:1(9) 
C23=0:1(4) 
C23=O:0 
C25:2(9,12) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29: 1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
gl8amu-5074 
0.0015 + 0.0004 
0.0037 + 0.0006 
0.005 + 0.0001 
N.D.C 
N.D.C 
0.0036 + 0.0005 
0.024 + 0.003 
N.D.C 
N.D.C 
0.006 + 0.0003 
0.0035 + 0.0003 
0.007 + 0.0006 
0.009 + 0.0008 
0.027 + 0.002 
N.D.C 
N.D.C 
0.0037 + 0.0006 
N.D.C 
N.D.C 
0.0032 + 0.0003 
0.018 + 0.003 
0.014 + 0.0003 
0.069 + 0.0004 
0.001 + 0.002 
0.0010 + 0.0001 
0.019 + 0.0001 
N.D.C 
0.0014 + 0.0002 
0.022 + 0.0003 
0.032 + 0.002 
0.059 + 0.006 
0.143 + 0.002 
0.0003 + 0.0001 
0.00014 + 0.0001 
0.0075 + 0.0001 
0.024 + 0.003 
0.034 + 0.007 
0.039 + 0.003 
0.084 + 0.003 
gl8amu-3134 
0.0003 + 0.0001 
0.0011 +0.0002 
0.0017 + 0.0003 
N.D.C 
N.D.C 
N.D.C 
0.019 + 0.003 
N.D.C 
N.D.C 
0.0042 + 0.0006 
0.0007 + 0.0002 
0.0075 + 0.0003 
0.011 +0.0008 
0.021 + 0.0003 
N.D.C 
N.D.C 
0.0023 + 0.0001 
N.D.C 
0.00010 + 0.0001 
N.D.C 
0.012 + 0.002 
0.0145 + 0.002 
0.043 + 0.0006 
N.D.C 
N.D.C 
0.006 + 0.001 
N.D.C 
N.D.C 
0.013 + 0.0006 
0.024 + 0.0004 
0.048 + 0.003 
0.083 + 0.006 
N.D.C 
N.D.C 
0.0013 + 0.0002 
0.007 + 0.0003 
0.020 + 0.0001 
0.011 +0.0005 
0.036 + 0.004 
gl8mu-3142 
0.0026 + 0.001 
0.008 + 0.001 
0.016 + 0.0004 
N.D.C 
N.D.C 
N.D.C 
0.027 + 0.003 
N.D.C 
N.D.C 
0.026 + 0.0005 
N.D.C 
0.004 + 0.001 
0.0011 +0.0002 
0.061 + 0.004 
N.D.C 
N.D.C 
0.027 + 0.006 
N.D.C 
0.015 + 0.0002 
N.D.C 
0.031 + 0.001 
0.019 + 0.0007 
0.33 + 0.01 
0.0044 + 0.0002 
0.0075 + 0.0005 
0.084 + 0.0009 
0.0005 + 0.0001 
0.059 + 0.0009 
N.D.C 
0.064 + 0.001 
0.025 + 0.004 
0.487 + 0.035 
N.D.C 
N.D.C 
0.018 + 0.001 
0.019 + 0.003 
0.035 + 0.003 
0.0045 + 0.00006 
0.063 + 0.001 
gl8a-91g159 
0.008 + 0.0009 
0.018 + 0.002 
0.026 + 0.004 
N.D.C 
N.D.C 
0.0019 + 0.0009 
0.032 + 0.009 
0.0012 + 0.0008 
0.0023 + 0.0007 
0.0305 + 0.005 
0.0014 + 0.0006 
0.013 + 0.0007 
0.054 + 0.006 
0.103 + 0.006 
0.0047 + 0.0007 
0.0023 + 0.0008 
0.025 + 0.003 
0.0006 + 0.0002 
0.011 +0.0006 
N.D.C 
0.052 + 0.003 
0.16 + 0.005 
0.28 + 0.033 
0.029 + 0.007 
0.057 + 0.005 
0.008 + 0.0009 
0.008 + 0.002 
0.02 + 0.001 
N.D.C 
0.036 + 0.001 
0.50 + 0.002 
0.11 +0.007 
0.007 + 0.0004 
0.0024 + 0.0007 
0.044 + 0.002 
0.058 + 0.004 
0.099 + 0.002 
0.21 + 0.003 
0.26 + 0.05 
318 
Table 7.3. contd. 
compound g!11 glU gl15 g!18 
C19=0 
C21:0 
C21=0 
C23:1(6) 
C23:1(9) 
C23:1(4) 
C23:0 
C23=0:1(9) 
C23=0:1(4) 
C23=O:0 
C25:2(9,12) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29:1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
0.0005 + 0.0003 
0.0011 +0.0007 
0.0019 + 0.001 
N.D.C 
N.D.C 
N.D.C 
0.0039 + 0.0002 
N.D.C 
N.D.C 
0.0029 + 0.001 
N.D.C 
N.D.C 
N.D.C 
0.010 + 0.001 
N.D.C 
N.D.C 
0.0058 + 0.0003 
N.D.C 
N.D.C 
N.D.C 
0.0012 + 0.0007 
0.005 + 0.001 
0.096 + 0.0007 
N.D.C 
0.0001 + 0.0001 
0.028 + 0.001 
N.D.C 
N.D.C 
0.0056 + 0.001 
0.0053 + 0.001 
0.012 + 0.002 
0.102 + 0.004 
N.D.C 
N.D.C 
0.0049 + 0.001 
0.0010 + 0.0002 
0.0049 + 0.001 
0.0003 + 0.0001 
0.017 + 0.0002 
0.011+0.008 
0.033 + 0.009 
0.0314 + 0.009 
N.D.C 
N.D.C 
N.D.C 
0.174 + 0.011 
N.D.C 
N.D.C 
0.025 + 0.005 
0.006 + 0.0009 
0.056 + 0.003 
0.05 + 0.01 
0.123 + 0.006 
N.D.C 
N.D.C 
0.009 + 0.0006 
N.D.C 
0.015 + 0.007 
N.D.C 
0.069 + 0.01 
0.062 + 0.008 
0.238 + 0.005 
N.D.C 
0.009 + 0.001 
0.165 + 0.001 
0.006 + 0.0008 
0.104 + 0.006 
N.D.C 
0.091 + 0.01 
0.176 + 0.006 
0.46 + 0.01 
N.D.C 
N.D.C 
0.019 + 0.01 
0.020 + 0.01 
0.145 + 0.005 
0.161 +0.029 
0.21 + 0.01 
0.0036 + 0.0003 
0.009 + 0.0006 
0.012 + 0.003 
N.D.C 
0.0024 + 0.0003 
0.004 + 0.0002 
0.091+0.005 
N.D.C 
N.D.C 
0.022 + 0.0008 
0.005 + 0.0003 
0.047 + 0.004 
0.036 + 0.005 
0.094 + 0.001 
N.D.C 
N.D.C 
0.0097 + 0.0004 
N.D.C 
0.014 + 0.002 
N.D.C 
0.059 + 0.005 
0.042 + 0.002 
0.188 + 0.002 
N.D.C 
0.006 + 0.002 
0.039 + 0.015 
0.0049 + 0.0008 
0.0009 + 0.0002 
0.053 + 0.001 
0.084 + 0.019 
0.0021 + 0.0001 
0.161+0.007 
0.0005 + 0.0001 
0.0003 + 0.0001 
0.0163 + 0.0008 
0.042 + 0.0004 
0.092 + 0.006 
0.079 + 0.007 
0.129 + 0.009 
0.014 + 0.002 
0.031 + 0.002 
0.047 + 0.005 
N.D.C 
0.009 + 0.001 
0.0018 + 0.003 
0.242 + 0.001 
0.0124 + 0.001 
0.0024 + 0.001 
0.107 + 0.005 
0.017 + 0.003 
0.19 + 0.001 
0.19 + 0.009 
0.39 + 0.03 
0.0022 + 0.0002 
0.008 + 0.002 
0.052 + 0.001 
N.D.C 
0.059 + 0.002 
N.D.C 
0.17 + 0.01 
0.159 + 0.001 
0.75 + 0.01 
0.0162 + 0.0005 
0.064 + 0.004 
0.152 + 0.006 
0.010 + 0.007 
0.168 + 0.005 
N.D.C 
0.16 + 0.007 
0.462 + 0.09 
0.626 + 0.014 
0.009 + 0.002 
0.010 + 0.0002 
0.08 + 0.012 
0.055 + 0.005 
0.294 + 0.024 
0.291 + 0.056 
0.489 + 0.053 
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Table 7.3. contd. 
compound g!21, 22 g!26 g!33 g/35 
C19=0 
C21:0 
C21=0 
C23:1(6) 
C23:1(9) 
C23:1(4) 
C23:0 
C23=0:1(9) 
C23=0:1(4) 
C23=O:0 
C25:2(9,12) 
C25:1(9) 
C25:1(4) 
C25:0 
C25=0:1(9) 
C25=0:1(4) 
C25=O:0 
C27:2(6,9) 
C27:2(9,12) 
C27:1(6) 
C27:1(9) 
C27:1(4) 
C27:0 
C27=0:1(9) 
C27=0:1(4) 
C27=O:0 
C29 :2(6,9) 
C29 :2(9,12) 
C29: 1(6) 
C29:1(9) 
C29:1(4) 
C29:0 
C29=0:1(9) 
C29=0:1(4) 
C29=O:0 
C31:1(6) 
C31:1(9) 
C31:1(4) 
C31:0 
0.027 + 0.003 
0.062 + 0.003 
0.079 + 0.001 
N.D.C 
N.D.C 
0.014 + 0.003 
0.30 + 0.001 
0.0079 + 0.004 
0.0098 + 0.002 
0.132 + 0.009 
0.026 + 0.002 
0.205 + 0.004 
0.28 + 0.02 
0.52 + 0.01 
0.003 + 0.001 
0.014 + 0.004 
0.085 + 0.009 
N.D.C 
N.D.C 
N.D.C 
0.269 + 0.015 
0.50 + 0.002 
1.4 + 0.2 
0.011+0.006 
0.072 + 0.002 
0.28 + 0.021 
N.D.C 
0.024 + 0.001 
0.25 + 0.03 
0.13 + 0.01 
0.10 + 0.001 
0.77 + 0.07 
0.032 + 0.008 
0.012 + 0.003 
0.19 + 0.03 
0.004 + 0.001 
0.057 + 0.003 
0.002 + 0.001 
1.2 + 0.2 
0.0033 + 0.0002 
0.007 + 0.001 
0.009 + 0.001 
N.D.C 
N.D.C 
N.D.C 
0.0331 + 0.003 
N.D.C 
N.D.C 
0.011+0.0007 
N.D.C 
0.0113 + 0.0009 
0.008 + 0.0007 
0.034 + 0.001 
N.D.C 
N.D.C 
0.0075 + 0.001 
N.D.C 
N.D.C 
0.008 + 0.002 
0.009 + 0.001 
0.015 + 0.001 
0.095 + 0.005 
N.D.C 
0.0023 + 0.001 
0.031 + 0.007 
N.D.C 
0.0037 + 0.001 
0.032 + 0.001 
0.060 + 0.002 
0.078 + 0.003 
0.188 + 0.01 
N.D.C 
N.D.C 
0.009 + 0.001 
0.0281 + 0.0004 
0.040 + 0.0002 
0.037 + 0.004 
0.091 + 0.003 
0.0024 + 0.001 
0.0069 + 0.002 
0.01 + 0.002 
N.D.C 
N.D.C 
N.D.C 
0.014 + 0.001 
N.D.C 
N.D.C 
0.009 + 0.003 
N.D.C 
N.D.C 
0.0117 + 0.003 
0.06 + 0.003 
0.0028 + 0.0002 
0.0020 + 0.001 
0.027 + 0.007 
N.D.C 
0.009 + 0.001 
N.D.C 
0.035 + 0.001 
0.143 + 0.005 
0.72 + 0.15 
0.0055 + 0.0001 
0.056 + 0.003 
0.115 + 0.0008 
N.D.C 
0.0056 + 0.0002 
0.113 + 0.001 
0.19 + 0.02 
0.413 + 0.004 
1.0 + 0.3 
0.006 + 0.001 
0.025 + 0.004 
0.056 + 0.003 
0.091 + 0.007 
0.122 + 0.008 
0.019 + 0.002 
0.333 + 0.012 
0.0024 + 0.0007 
0.006 + 0.0005 
0.007 + 0.0002 
N.D.C 
N.D.C 
N.D.C 
0.0149 + 0.003 
N.D.C 
N.D.C 
0.0132 + 0.0009 
N.D.C 
0.0021 + 0.0002 
0.019 + 0.002 
0.051+0.001 
0.0022 + 0.0009 
0.0012 + 0.0003 
0.012 + 0.002 
N.D.C 
0.0032 + 0.0006 
0.009 + 0.002 
0.017 + 0.005 
0.091 + 0.002 
0.212 + 0.009 
N.D.C 
0.033 + 0.004 
0.036 + 0.004 
N.D.C 
0.014 + 0.001 
0.08 + 0.01 
0.15 + 0.002 
0.07 + 0.01 
0.25 + 0.04 
N.D.C 
N.D.C 
0.0122 + 0.0003 
0.073 + 0.007 
0.091 + 0.002 
0.092 + 0.009 
0.063 + 0.004 
